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Abstract 
 
 
Virus-host interactions are important for shaping microbial diversity in natural 
environments.  Viruses impact their hosts through predation and also through gene flow. 
The recently discovered microbial CRISPR immune system is a mechanism that 
modulates interactions between hosts and viruses, and in the process, records a sequence-
based history of interactions in the host’s DNA. We investigate virus-host interactions in 
the natural environment by assessing their patterns of diversity at the CRISPR locus 
within and between geographically isolated populations of Sulfolobus islandicus.  
S. islandicus is a thermoacidophilic crenarchaeon that has been isolated from 
acidic hot springs in the Northern Hemisphere. In this dissertation, a biogeographic 
pattern of isolation by distance, previously established for S. islandicus, is shown for 
viruses and plasmids that infect Sulfolobus. Core genes from a provirus show that strains 
that cluster genetically also cluster geographically. Additionally, CRISPR spacer 
sequences show higher identity to each other and sequenced viruses and plasmids from 
the same geographic location than to those from more distant locations. Because we have 
identified a biogeographic pattern for both host and virus, we can investigate local 
population dynamics. We examine a population of S. islandicus strains from a single time 
and place, and demonstrate an even and diverse population with a defining lack of strain 
dominance in the CRISPR arrays. This suggested a conceptual model in which clonal 
competition with many hosts having independently acquired different CRISPR spacers to 
the same virus persist in natural populations. Through a collaborative effort, we tested 
this model using simulations of density-dependent ecological dynamics with evolutionary 
changes associated with the CRISPR system in both host and virus. We see three types of 
virus-host dynamics emerge over the course of the simulations: dominance of a new 
strain with CRISPR immunity to dominant viruses, dominance of a rare strain that had 
been dominant in the population previously, and coalitions of multiple strains that have 
similar immunity to dominant viruses. Testing the model’s predictions requires natural 
population data from multiple time points, so we sampled the Mutnovsky population a 
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second time, ten years later. Surprisingly, we see that the CRISPR system evolves largely 
through recombination of both the CRISPR spacer arrays and the cas genes. This allows 
immunity to be shuffled throughout the population such that every member of the 
population does not have to acquire immunity independently. This dissertation 
demonstrates a role for the CRISPR system in shaping virus-host interactions in natural 
populations of S. islandicus.   
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Chapter 1: Introduction* 
 
Natural environments contain very high amounts of microbial diversity. Various 
sampling strategies, from 16S rDNA surveys to whole genome sequencing (Medini et al. 
2005; Tettelin et al. 2005; Achtman and Wagner 2008), repeatedly uncover diversity even 
between closely related populations coexisting within microbial communities. 
Understanding the patterns of diversity in microbial populations in an ongoing task 
(Bohannan and Lenski 2000; Curtis et al. 2002). Theoretical models are also being used 
to estimate microbial diversity levels in various environments due to a range of abiotic 
and biotic factors (Prosser et al. 2007). One of the primary factors suggested to define 
this diversity are viruses, which are ubiquitous on our planet and infect all domains of 
life. Acting as primary predators in most environments, viruses produce a strong selection 
pressure. In addition, viruses are potent agents of gene flow and sources of variable genes 
that compose the extensive and undefined pan-genome (Weinbauer and Rassoulzadegan 
2004; Medini et al. 2005; Tettelin et al. 2005). Viral genomes themselves hold a wealth 
of genetic diversity and have been estimated to be greater than 10 times as diverse, as 
well as 10 times as abundant, as their microbial hosts (Rohwer 2003). In this dissertation, 
we examine the effect of microbial interactions with viruses on the diversity and 
population structure of Sulfolobus islandicus. Understanding virus-microbe interactions is 
an essential component of microbial evolutionary ecology.  I begin by describing 
traditional features that define virus-host interactions and then introduce a new system the 
redefines these interactions, CRISPR-Cas immunity. 
 
Coevolutionary interactions 
Theoretical models 
Several theoretical models predict population dynamics and diversification 
resulting from virus-host interactions. The original model was an arms race model in 
                                                 
*
 Portions of this chapter are submitted for a chapter in a CRISPR compilation edited by Rodolphe 
Barrangou. 
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which Lotka-Volterra dynamics and direction selection result in a selective sweep. In this 
model, host and virus continually counter-evolve new defense and infection strategies 
until one genotype increases in abundance to fixation. Such antagonistic coevolution has 
been seen in Pseudomonas fluorescens co-cultivated with a bacteriophage, where the host 
evolved resistance to a broader range of viruses and the virus evolved to infect a broader 
host range (Buckling and Rainey 2002). In this same system, the arms race was shown to 
decelerate over time, likely due to the cost associated with increasing generalism or 
because of a limitation to the amount of defense and counter-defense strategies that can 
accumulate (Hall et al. 2011).  
It has been shown that due to the limitation of mutations, arms race dynamics 
eventually give way to negative frequency-dependent selection (NFDS) in experimental 
populations (Hall et al. 2011). Under NFDS, as a host increase in frequency in a 
population, it becomes the target of viral attack (Dybdahl and Lively 1998; Koskella and 
Lively 2009). Rare hosts remain in the environment until their frequency increases to a 
point where it is advantageous to the virus to prey upon them. One system in which 
NFDS is studied is the coevolution of a freshwater snail and its parasite (Koskella and 
Lively 2009). In this experimental coevolutionary system, the dominant host type was 
driven down in frequency only in the presence of the parasite, therefore giving the 
advantage to the rare host. Rare hosts were then able to rise in frequency, showing that 
rare strains have the advantage. 
Neither arms race nor NFDS models promote diversity at any given time unless 
there are tradeoffs between resistance and fitness. The most commonly applied model of 
diversification in virus-host dynamics is a “Kill-the-Winner” model (Thingstad 2000). 
This model incorporates host resource utilization strategy and competition, such that the 
“winner” is the resource competition specialist that is susceptible to predation by viruses, 
allowing the defense specialist to be abundant only after the competition specialist first 
dies off due to viral predation (Thingstad 2000; Winter et al. 2010). This results in a 
stable level of host diversity at any one time, though individual hosts and viruses 
fluctuate in abundance. Kill-the-Winner dynamics have been predicted computationally 
in an ecoevolutionary model (Weitz et al. 2005). In this model, simulations of E. coli and 
λ phage in a chemostat showed that both host and phage diversified to adapt to a broader 
3 
 
range of strains. This has been demonstrated experimentally with Cellophaga baltica in 
chemostats (Middelboe et al. 2009), where a single host strain diversified in response to 
viral predation. The resulting majority of C. baltica strains were resistant to a variety of 
viral strains, but they coexisted with rare phage-susceptible strains that prevented the 
viruses in the chemostat from going extinct. A recent study has shown that, in chemostat 
cultures, Synechococcus hosts diversify in response to viral predation (Marston et al. 
2012). However, in chemostats without viruses present, the host did not diversify. The 
diversity of hosts had differing levels of susceptibility to co-cultured viruses, but new 
resistance, in some cases, came at the cost of loss of resistance. 
 
Importance of spatial structure 
Spatial structure is a factor that is shown to play a role in virus-host interactions. 
The geographic mosaic theory is a theoretical model that involves the role of geographic 
structure in coevolutionary interactions. This theory states that geographic differences in 
coevolution are driven in part by spatial differences in selection and coevolution, as well 
as local population dynamics (Thompson 1994; Thompson and Cunningham 2002; 
Nuismer 2006). Differences in virus-host interactions across a spatial scale have been 
shown in experimental evolution studies in the laboratory with Pseudomonas fluorescens 
(Buckling and Rainey 2002; Morgan et al. 2005), computationally (Forde et al. 2004), as 
well as in nature (Koskella et al. 2011).  
Migration is the important factor that defines the spatial structure of 
coevolutionary interactions. A study using Escherichia coli and T4 phage looked at the 
effect of migration in an experimental setup. Depending on the amount of migration, two 
different types of phages were seen. At restricted levels of migration, prudent phage, that 
use their bacterial resource wisely, dominated. However, at unrestricted migration, 
rapacious phage, which rapidly consume the bacteria, outcompeted the prudent phage and 
quickly replaced them. This study showed how different migration patterns result in very 
different coevolutionary dynamics. 
Spatial structure can be examined worldwide or on the scale of local populations. 
A number of studies have shown a global distribution of virus sequences, indicating high 
levels of migration (Breitbart et al. 2004; Short and Suttle 2005; Silander et al. 2005; 
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Snyder et al. 2007). In contrast, other studies have suggested that viral communities may 
in fact show biogeographic patterns (Moebus and Nattkemper 1981; Wichels et al. 2002; 
Wiedenheft et al. 2004; Desnues et al. 2008; Kunin et al. 2008). However, it is difficult to 
derive conclusions about virus-host interactions from these studies, because none of them 
establish the distribution of both host and virus.  
 
Viruses and the pan-genome 
Viruses are also a direct source of the generation of host diversity in microbes 
through transfer of host or virus DNA into host genomes (Canchaya et al. 2003; Coleman 
et al. 2006). This makes viral genes part of the pan-genome of their hosts. The pan-
genome is the total genetic repertoire available to an organism and includes both core 
genes, present in every member of a single species, and variable genes, those present in at 
least one member. The pan-genome may even extend beyond a single species and 
includes viruses and plasmids (Tettelin et al. 2005; Karberg et al. 2011). One study found 
that there are, on average, more than two proviruses per sequenced bacterial genome 
(Lawrence et al. 2002). Many of these proviruses have degraded such that they are no 
longer functional viruses, but many of their genes remain in the host genomes (Lawrence 
et al. 2001). 
Comparative genomics of has shown modular evolution of their genomes 
(Botstein 1980; Hendrix et al. 2000). This has the potential to effect diversity of their 
hosts, if such rearrangements are occurring in integrated viruses. Indeed, proviruses have 
been shown to undergo evolution in the genomes of their hosts, through point mutations, 
exchange of gene modules, genome rearrangement, and gene deletion (Canchaya et al. 
2003). Viruses are responsible for much of the diversity seen in populations of microbes 
in natural systems. They can directly introduce diversity through integration into host 
genomes. They can also influence population structure through virus-host coevolutionary 
interactions. In order to understand how these interactions shape host populations, it is 
important to know the spatial structure of both the host and virus. 
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The CRISPR-Cas microbial immune system 
One of the ways virus-host interactions structure population dynamics in natural 
environments is in how the host mediates resistance to infection. The CRISPR (Clustered 
Regularly Interspaced Short Palindromic Repeats) system is a newly discovered adaptive 
immune system that is found in about 40% of bacteria and 90% of archaea (Sorek et al. 
2008). During a viral infection, the naïve microbial host can gain a short DNA sequence 
(26-72 bp) called a spacer (see Figure 1.1), identical to the infecting virus, that is inserted 
into a CRISPR spacer array on the host genome (Barrangou et al. 2007). Upon a new 
infection, when the infecting virus genome matches a spacer on the host chromosome, the 
host is immune and infection is aborted (Barrangou et al. 2007; Brouns et al. 2008).  This 
mechanism is depicted in Figure 1.2. This has been shown to occur with invading viruses 
and plasmids, and also with both foreign DNA and RNA (Marraffini and Sontheimer 
2008; Hale et al. 2009).  
As shown in Figure 1.1, a spacer array contains spacer sequences interspersed 
with a repeat sequence (21-48 bp), and although hosts can have multiple spacer arrays 
and multiple repeat sequences, a single spacer array usually contains only one repeat 
sequence (Godde and Bickerton 2006). New spacers are added to one end of a CRISPR 
spacer array, called the leader end, which gives not just a record of host interactions with 
viruses and plasmids from the environment, but a chronological one (Bolotin et al. 2005; 
Mojica et al. 2005; Pourcel et al. 2005). Also near the CRISPR spacer array are cas 
(CRISPR-associated) genes which are responsible for both acquiring new spacers and 
using them to interfere with subsequent infections (Haft et al. 2005; Brouns et al. 2008; 
Lintner et al. 2011; Makarova et al. 2011). 
There are two phases of the CRISPR mechanism: acquisition and interference. In 
acquisition, the host uses its Cas machinery to target specific sequences of foreign nucleic 
acids called protospacer-associated motifs (PAMs) (Mojica et al. 2009) which is adjacent 
the protospacer in foreign DNA. The spacer sequence matching the protospacer is 
incorporated into the host genome at the leader end of a spacer array, with a repeat 
sequence separating it from the spacer next in line (see Figure 1.2). It is not known how 
this occurs, or even what machinery is used, though Cas1 and Cas2 are universal to 
CRISPR systems, but shown to be unnecessary for interference in E. coli and are 
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therefore thought to be essential for spacer acquisition (Brouns et al. 2008). Acquisition 
has been shown to occur in lab strains of Streptococcus thermophilus (Barrangou et al. 
2007) and E. coli (Swarts et al. 2012). 
The interference phase is better understood. The CRISPR spacer arrays are 
constitutively transcribed (Brouns et al. 2008; Lillestøl et al. 2009) and processed (see 
Figure 1.2) into small crRNA (crispr-RNA) that contain a single spacer and part of the 
repeat sequence on one or both sides (Brouns et al. 2008; Hale et al. 2008). This 
processing is performed by the CASCADE protein complex in E. coli and Cas6 in 
Pyrococcus furiosus (Brouns et al. 2008; Hale et al. 2008). crRNAs are then used by the 
cell to target invading DNA or RNA (Marraffini and Sontheimer 2008; Hale et al. 2009). 
This is accomplished using the CASCADE Cas proteins in E. coli (Brouns et al. 2008), 
and the aCASCADE Cas proteins in Sulfolobus solfataricus (Lintner et al. 2011). 
At the beginning of this thesis project, very little was known about the CRISPR-
Cas system, either in the laboratory or in the natural environment. Since then, the field 
has come a long way in understanding the mechanism of action of this novel microbial 
immune system through experimental studies in the laboratory. Our work, in addition to 
work of several other labs, investigates the diversity of CRISPR in natural populations. 
These studies have revealed valuable information about the diversity and evolution of the 
CRISPR-Cas system and the coevolutionary dynamics that it promotes. 
 
Mechanistic advances revealed through studies of natural systems 
Comparison of CRISPR loci has revealed much about the CRISPR-Cas system 
itself. For instance, there are three types of CRISPR-Cas systems (Makarova et al. 2011). 
Some organisms have multiple CRISPR loci and can therefore have more than one type. 
Streptococcus thermophilus is a bacterium used in fermentations to produce various dairy 
products. CRISPR immunity function was first discovered in this system and it may be 
the only organism to contain all three CRISPR-Cas types. There are up to four CRISPR 
loci present in S. thermophilus, each with a different repeat sequence and a different cas 
gene content and organizational structure (Horvath and Barrangou 2010). Escherichia 
coli, another well studied experimental system, also has multiple CRISPR loci, and 
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though it contains two different repeat sequences and different cas genes, they are all 
Type I CRISPR-Cas systems (Diez-Villasenor et al. 2010). 
While S. thermophilus was the first experimental system to show polarized 
addition of new spacers to CRISPR spacer arrays, evidence for this molecular mechanism 
was first shown in the natural environment in nearly clonal populations of Leptospirillum 
from acid-mine drainage (AMD) (Barrangou et al. 2007; Tyson and Banfield 2008). 
Comparison of a single CRISPR locus from metagenomic data from two nearby locations 
in AMD showed that the spacers near the middle of the locus were population specific, 
and that the trailer-proximal spacers were shared between the populations. The strains 
were similar enough to one another that assembly of the metagenomic data, even at the 
CRISPR arrays, was possible, and enabled the discovery of new spacers to one side of the 
CRISPR spacer array (Tyson and Banfield 2008). Similar results have been shown using 
isolate comparisons of Yersinia pestis (Cui et al. 2008) and Erwinia amylovora 
(Rezzonico et al. 2011). 
Diversity in CRISPR spacer arrays may contain information about the activity 
levels of these arrays. Some studies have found that in genomes with multiple CRISPR 
spacer arrays, different arrays exhibit different levels of diversity (Cui et al. 2008; 
Rezzonico et al. 2011). S. thermophilus strains have up to four CRISPR spacer arrays, 
with CRISPR1 being by far the most diverse. In contrast, CRISPR2 shows very little 
diversity. Horvath et al. hypothesized that the level of diversity present in an array is 
indicative of the activity level of that array, so CRISPR1 is likely the most active and 
CRISPR2 is actually suggested to be a degenerate array (Horvath et al. 2008).  
Spacers have been shown to add at the leader ends of CRISPR spacer arrays, but 
the arrays evolve in other ways as well. Comparisons of isolates in S. thermophilus 
(Horvath et al. 2008) and Y. pestis (Cui et al. 2008), as well as of metagenomic reads in 
Leptospirillum (Tyson and Banfield 2008) and the Global Ocean Survey (GOS) (Sorokin 
et al. 2010), reveal loss of spacers within CRISPR spacer arrays. Additionally, 
duplication of one or more spacers has been discovered in similar CRISPR spacer arrays 
(Sorokin et al. 2010).  
Comparison of spacer sequences to viral sequences led to the identification of a 
motif associated with the protospacer (viral sequence matching the spacer) in S. 
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thermophilus (Deveau et al. 2008). The protospacers all had the same protospacer-
associated motif (PAM), which is necessary for acquisition of new spacers as well as 
interference during viral infection. This motif is located within one or two nucleotides 
from the protospacer, and analysis of CRISPR protospacers in many other systems has 
shown the presence of a PAM to be universal (Lillestøl et al. 2009; Mojica et al. 2009; 
Semenova et al. 2009).  
Finally, there is evidence to suggest that the CRISPR system might not have an 
immunity function in all organisms. In Pseudomonas aeruginosa, when spacers were 
compared to virus and plasmid sequences, only matches to integrated elements were 
found, leading the authors to hypothesize that P. aeruginosa CRISPRs play more of a 
role in regulating integrated mobile genetic elements than in conferring resistance to 
extra-chromosomal bacteriophage and plasmids. Consistent with this hypothesis, in tested 
pairs of P. aeruginosa and bacteriophage, CRISPR spacers did not confer resistance to 
phage with identical protospacers (Cady et al. 2011). Similarly, in Erwinia amylovora, 
spacers were found that match plasmids in the same strains, and the authors were unable 
to determine how both spacer and protospacer coexist in the same genome, given that a 
functioning CRISPR-Cas system should prohibit inclusion of either spacer or plasmid. 
However, it is thought that a small mutation in a cas gene may play a role (Rezzonico et 
al. 2011).  
 
CRISPR diversity in natural systems 
Databases of CRISPRs show a large diversity of spacer sequences (Grissa et al. 
2007). Studies of closely related strains have shown how strain level diversity differs 
across a single CRISPR spacer array. Because of the polarized addition of spacers to the 
leader end of an array, the leader end shows more diversity than the trailer end. In the 
AMD study, the population-specific spacers at the trailer end of the array showed little 
diversity, while the strain-specific spacers at the leader end of the array showed a high 
amount of diversity (Tyson and Banfield 2008). This is easiest to highlight when 
comparing strains within a population, but comparisons in global isolates of Y. pestis and 
E. amylovora also show greater leader end diversity than trailer end diversity (Cui et al. 
2008; Rezzonico et al. 2011). However, not all populations show such closely related 
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strains. In a metagenomic study of cyanobacterial communities in microbial mats, when 
spacers were compared to one another, 80% of the spacers were only found once, 
indicating a high level of diversity of Synechococcus isolates present in the metagenomes 
(Heidelberg et al. 2009).  
In order to assess microbial diversity, CRISPR spacer diversity can be compared 
across geographic distances. When strains from different geographic locations are 
compared, similarity in spacer content is lower than amongst strains from the same 
geographic location. In the AMD study, only the population-specific spacers at the trailer 
ends of the arrays were shared between the metagenomes from the two different locations 
(Tyson and Banfield 2008). Similarly, few spacers were shared among the microbial 
metagenomes of human saliva samples from multiple subjects (Pride et al. 2011). Hosts 
from different locations can therefore be distinct from one another in the CRISPR region 
of their genomes. 
CRISPR spacer diversity can also be compared to diversity in other genomic 
markers. Many studies have compared CRISPR arrays to multiple markers from the same 
genomes in a multi-locus sequence typing (MLST) analysis. CRISPR analysis has been 
found to be a much more sensitive approach than MLST and is able to resolve very 
closely related genomes. This has been done in E. coli, where the presence of two 
different types of CRISPR-Cas systems mapped onto different branches of a phylogenetic 
tree. Additionally, when evolutionary distance from the MLST phylogeny was plotted 
against a measure of spacer relatedness, E. coli strains had more spacers in common 
when they were more closely related phylogenetically (Touchon et al. 2011). 
In combination with MLST, CRISPR spacer arrays have also been used to show 
relatedness between isolates of various pathogens. Relationships of isolates from around 
the world can easily be determined, and therefore the spread of disease can be tracked. 
Because analyses of CRISPR spacer arrays show more resolution than typical methods of 
strain typing, the use of CRISPRs is quickly becoming a useful tool in tracking the spread 
of pathogens. One such pathogen is Yersinia pestis, the pathogen responsible for the 
plague. Based on spacer arrays and the geographic distribution of isolates, one study 
clustered strains into 12 groups. All plague foci but one had a single cluster of isolates. 
Additionally, a transmission route was hypothesized for the spread of the Y. pestis based 
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on the similarities between spacer arrays in isolates (Cui et al. 2008). Such strain typing 
and transmission tracking has also been done with the fire blight pathogen Erwinia 
amylovora (Rezzonico et al. 2011). In Salmonella enterica, using CRISPR loci along 
with two virulence genes significantly increased the resolution power of MLST and 
discriminated strains at the outbreak level (Liu et al. 2011).  
CRISPR arrays are thought to add new spacers quickly enough to change faster 
than most other regions of the genome. This hypothesis is partially due to the increased 
resolution shown by CRISPR markers when compared to other genomic markers. 
However, in a small, nearly clonal group of E. coli, epidemiologically unrelated strains 
isolated over a 20 year period from vastly different sources had highly similar spacer 
content, with differences occurring between them due to spacer loss. This was contrasted 
with analysis of a locus under strong diversifying selection, the O antigen of the rfb 
locus. Each strain had a distinct O antigen allele. Therefore, in these E. coli strains, the 
CRISPRs were not evolving on nearly as fast of a timescale as caused by diversifying 
selection (Touchon et al. 2011). The first study to look at the time scale of CRISPR 
evolution in a natural system was recently done in streptococcal strains in human saliva. 
Over the course of a 17 month period, three spacers were added, and one spacer was 
deleted from the array (Pride et al. 2011). 
Analysis of CRISPRs in microbial strains can also tell us about horizontal transfer 
in various species. In Y. pestis and in Synechococcus strains from microbial mats, the 
same CRISPR spacer arrays are found in different parts of the genomes due to genome 
rearrangement or transfer of the CRISPR locus (Cui et al. 2008; Heidelberg et al. 2009). 
Additionally, in the Synechoccous metagenomes, a small set of spacers are found 
associated with both low temperature and high temperature strains, suggesting horizontal 
transfer of these spacers between the two types (Heidelberg et al. 2009). Similarly, in the 
AMD metagenomes, the trailer end spacers are shared between the two locations, which 
is likely the result of horizontal transfer of the locus from one population to the other 
after these spacers were gained (Tyson and Banfield 2008). In E. coli, some very closely 
related strains were found to have completely different spacer arrays, suggesting transfer 
of the array from a more distantly related strain (Touchon et al. 2011).  
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Of course, by interfering with interactions between viruses and plasmids, 
CRISPRs play another interesting role in controlling horizontal gene transfer between 
strains. In S. enterica, spacer sequences matched plasmid and phage sequences from 
other S. enterica genomes, indicating that CRISPRs could be responsible for controlling 
horizontal transfer mediated by plasmids and phages. This is important because plasmids 
and phages are associated with virulence in this species, and CRISPRs therefore could be 
responsible for determining the lifestyle and evolution of S. enterica strains (Fricke et al. 
2011). This may also be the case in P. aeruginosa, as no spacer matches to lytic phages 
were found (Cady et al. 2011). 
Multiple host strains can have immunity to the same virus through different 
spacers. Independent acquisition of spacers to the same virus was shown experimentally 
in S. thermophilus (Barrangou et al. 2007; Deveau et al. 2008), and in natural systems 
such as the AMD Leptospirillum metagenomes (Andersson and Banfield 2008). This 
generates CRISPR immunity diversity while giving strains the same resistance phenotype 
because they all have protection from the same viruses. The same resistance can even 
occur in very different host strains, which would maintain host diversity in the presence 
of a virus to which they are immune in different ways. 
Examining the CRISPR-Cas system in natural environments can shed light on 
how the system itself works, but it can also illuminate much about the organisms in 
which the CRISPRs reside. Because they add unique spacers in response to infections, 
CRISPRs can illustrate relationships between strains across geographic distances or 
within a single population. Therefore, using CRISPRs to examine host diversity in natural 
environments is becoming increasingly popular due to the unique fingerprint a set of 
spacers in a CRISPR array presents. 
 
Protospacer diversity in natural systems 
All studies that search databases for CRISPR spacer matches show one thing in 
common: very few spacers have matches to known sequences. This highlights that the 
vast majority of viruses and plasmids that exist on our planet remain unsequenced and 
undiscovered to this day. However, there is still much that can be learned about the 
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viruses that infect microbial hosts by looking at the CRISPR-Cas system and the spacer 
sequences in a wide variety of organisms. 
Viruses were shown to have a restricted spatial structure in ocean waters. GOS 
spacers were compared to the entire GOS dataset for similarities to viruses and plasmids, 
and matches between spacers and protospacers were more likely to occur when they were 
from the same geographic location (Sorokin et al. 2010). However, not all systems show 
spatial structuring of viruses. In sludge bioreactors containing Candidatus 
Accumulibacter phosphatis from two geographically distant locations, CRISPR spacers 
and phage sequences from metagenomic libraries were compared. Two spacers from one 
location were shown to match phage sequences from the other, which the authors say 
supports geographic dispersal of either the host or phage. However, with only two 
spacers matching between the two locations, further analysis is needed to support this 
hypothesis (Kunin et al. 2008). In the cyanobacterial mat communities, shared spacers 
associated with Synechococcus isolates from two different temperatures indicates the 
likelihood that both types of isolates, and therefore the two temperature environments, are 
infected by common viruses (Heidelberg et al. 2009).  
CRISPR spacers can also be used to identify viruses and link virus-host pairs in 
their natural environment. In the AMD metagenomic dataset, reads with sequences 
matching coexisting spacer sequences were identified. These reads were found to contain 
viral genes and were derived mostly from viruses, though some were also derived from 
plasmids and transposons. Some of the reads assembled into contigs and scaffolds to 
form partial and complete viral genomes (Andersson and Banfield 2008). Using a very 
different method to identify viruses in the environment, a microarray made from CRISPR 
spacer sequences present in hot spring metagenomes was used to probe virus enriched hot 
spring samples for viruses with matching protospacers. The microarrays were used to 
track viruses and detect changes in the viral community over time and space (Snyder et 
al. 2010). Another study used a database of CRISPR spacer sequences in order to identify 
hosts that are infected by a particular viral community. A marine vent virome was 
queried with all of the spacers (over 81,000) from sequenced genomes in NCBI. These 
spacers came from a wide range of bacterial and archaeal genomes, and no taxonomic 
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group contained a disproportionate number of them. Therefore, the marine vent viruses 
can likely infect a wide range of hosts (Anderson et al. 2011). 
CRISPR spacers can divulge much about the viral communities in many natural 
systems. They can help us to determine if viruses are globally dispersed or are present in 
restricted geographic locations, be used to identify and assemble viral reads from 
metagenomes, help track changes in viral communities, and they can even tell us which 
hosts might coexist with a given viral community. Since little is known about virus-host 
interactions in natural environments, CRISPRs may turn out to be the means to shedding 
light on this important driver of microbial diversity. 
 
Sulfolobus islandicus – a model system 
This thesis project uses the crenarcheaon Sulfolobus islandicus to study virus-host 
dynamics in natural populations. S. islandicus is found in hot springs all over the world, 
including Kamchatka, Russia; Yellowstone National Park, USA; Lassen National Park, 
USA, and Iceland, at temperatures around 80°C and pH 3 (Reno et al. 2009; Guo et al.). 
S. islandicus has been shown to have a biogeographic pattern where strains that are closer 
together geographically are also more genetically similar than other isolates (Whitaker et 
al. 2003; Reno et al. 2009). Many viruses and plasmids that infect Sulfolobus species 
have been isolated, sequenced, and characterized, which makes it a good system in which 
to study virus-host interactions (Greve et al. 2004; Wiedenheft et al. 2004; Prangishvili 
and Garrett 2005; Bize et al. 2009). Additionally, S. islandicus has been shown to have a 
CRISPR-Cas system capable of mediating CRISPR spacer immunity in the laboratory 
(Gudbergsdottir et al. 2011; Manica et al. 2011). 
 
Overview of dissertation 
 Virus-host interactions are important for shaping microbial diversity in natural 
environments. In this dissertation, we investigate the role of the newly discovered 
microbial CRISPR immune system and how it affects population dynamics of Sulfolobus 
islandicus in natural environments. 
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 In order to understand virus-host interactions in the natural environment, it is 
important to know the biogeographic patterns of both the host and the virus. This pattern 
was previously established for the host, Sulfolobus islandicus, which showed genetic 
isolation by distance. In Chapter 2, we established a biogeographic pattern for viruses 
that infect Sulfolobus. First, core genes from proviral sequences of Sulfolobus spindle-
shaped virus (SSV) were compared to those from isolated SSVs from around the world to 
show a biogeographic pattern that matches that of the host. Then we used the record of 
virus-host interactions present in the host chromosome in the CRISPR spacer sequences 
to determine a pattern of isolation by distance in other viruses and plasmids associated 
with S. islandicus. 
 After a biogeographic pattern has been established for both S. islandicus and the 
viruses that infect it, the virus-host interactions that occur in a natural population can be 
investigated. In Chapter 3, we examined a population of S. islandicus strains from a 
single hot spring in the Mutnovsky Volcano region of Kamchatka, Russia for the effects 
of CRISPR immunity on the population dynamics. Though there was a large clonal group 
at the level of the whole genome, there was a lack of strain dominance at the CRISPR 
immunity level. This high diversity and evenness of resistance genotypes in the 
population suggested that multiple hosts may gain CRISPR spacers to the same viral 
types, in effect preventing selective sweeps due to a single virus in the population.  
 Many viruses can integrate into the genomes of their hosts, thereby acting as 
agents of gene transfer. In Chapter 4, we look for evidence of this occurring in the 
genomes of S. islandicus strains. The biogeographic pattern shown in global isolates of S. 
islandicus in their core genes was shown to occur in the variable genes as well. When 
looking at a single population from Mutnovsky, the variable regions of the genomes help 
distinguish two ecotypes of S. islandicus that coexist in the same time and place in their 
natural environment. The genes present in the variable regions may well be responsible 
for the differentiation seen in this population. 
 Since natural populations are so complex, in order to better understand the 
dynamics of the Mutnovsky population, a model is needed to simulate virus-host 
interactions due to CRISPR immunity. In Chapter 5, we discuss a model, developed in a 
collaboration, where density-dependent ecological dynamics are combined with 
15 
 
evolutionary changes associated with the CRISPR system. Over the short term, there 
were three types of virus-host dynamics: dominance of a new strain with CRISPR 
immunity to dominant viruses, dominance of a rare strain that had been dominant in the 
population previously, and coalitions of multiple strains that have similar immunity to 
dominant viruses.  
In order to test the model’s predictions, population dynamics over multiple time 
points are needed. In Chapter 6, we sampled a second time point, ten years later, from the 
Mutnovsky population. One of the ways in which genomes evolve is through 
recombination, and this was shown to be the case in the CRISPR system as well. We 
discuss evidence of modular evolution through recombination that allows the CRISPR 
system to shuffle immunity among the population without the need for every individual 
to acquire it. 
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Figures 
  
 
Figure 1.1. CRISPR/Cas locus schematic.  A CRISPR locus consists of a single repeat 
sequence separated by different spacer sequences.  A leader sequence is on one side of 
spacer array, with CRISPR-associated (cas) genes adjacent the array. 
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Figure 1.2. CRISPR/Cas mechanism of action. When a virus infects a cell (infection), a 
spacer sequence identical to the protospacer sequence in the virus is inserted at the leader 
end of the spacer array (spacer integration).  Infection and spacer integration make up the 
acquisition phase.  The cell constitutively transcribes the spacer array into pre-crRNA 
(transcription), which is processed by the aCASCADE compex in Sulfolobus to crRNA 
(processing).  Immunity occurs when crRNA sequences match the viral sequences (DNA 
or RNA) in a new infection (immunity).   Transcription, processing, and immunity make 
up the interference phase. 
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Chapter 2: Viral biogeography 
revealed by signatures in Sulfolobus 
islandicus genomes* 
 
Abstract 
Viruses are a driving force of microbial evolution. Despite their importance, the 
evolutionary dynamics that shape diversity in viral populations are not well understood. 
One of the primary factors that define viral population structure is coevolution with 
microbial hosts. Experimental models predict that the trajectory of coevolution will be 
determined by the relative migration rates of viruses and their hosts; however, there are 
no natural microbial systems in which both have been examined. The biogeographic 
distribution of viruses that infect Sulfolobus islandicus is investigated using genome 
comparisons among four newly identified, integrated Sulfolobus spindle-shaped viruses 
and previously sequenced viral strains. Core gene sequences show a biogeographic 
distribution where viral genomes are specifically associated with each local population. 
In addition, signatures of host–virus interactions recorded in the sequence-specific 
CRISPR (clustered regularly interspaced short palindromic repeats) system show that 
hosts have interacted with viral communities that are more closely related to local viral 
strains than to foreign ones. Together, both proviral and CRISPR sequences show a clear 
biogeographic structure for Sulfolobus viral populations. Our findings demonstrate that 
virus–microbe coevolution must be examined in a spatially explicit framework. The 
combination of host and virus biogeography suggests a model for viral diversification 
driven by host immunity and local adaptation. 
 
Introduction 
 Coevolutionary interactions between viruses and their microbial hosts have 
recently been recognized as an important and pervasive force in microbial evolutionary 
                                                 
*
This chapter has been published previously: Held, N. L. and R. J. Whitaker (2009). "Viral biogeography 
revealed by signatures in Sulfolobus islandicus genomes." Environmental Microbiology 11(2): 457-466. 
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ecology (Lindell et al. 2007). Especially in light of the CRISPR (clustered regularly 
interspaced short palindromic repeats) system, shown to confer immunity to viruses in 
Streptococcus thermophilus, and present in many bacteria and most archaea (Lillestøl et 
al. 2006; Barrangou et al. 2007), it is likely that coevolutionary interactions are a driving 
force of viral diversity and population structure in natural environments. Many studies of 
macroorganisms have shown that geographic structure plays an important role in shaping 
coevolutionary interactions (Thompson 1994; Nuismer 2006). The geographic mosaic 
theory of coevolution predicts, and empirical studies have shown, that variation in 
selection pressures, interaction frequencies between species and local population 
dynamics across a landscape define the coevolutionary trajectory of two species 
(Hoeksema and Forde 2008). Yet, spatially explicit coevolutionary dynamics of microbe–
virus interactions have only been examined through experimental evolution. For example, 
experimental studies using Pseudomonas fluorescens and bacteriophages showed that the 
relative rates of virus and host migration between physically isolated populations 
determine the extent of local adaptation of viruses to their sympatric hosts (Morgan et al. 
2005). Higher rates of virus dispersal relative to their hosts introduce variation in viral 
populations, giving the latter an adaptive advantage in the coevolutionary arms race 
(Morgan et al. 2007). Although these and other studies show the importance of spatial 
structure to the coevolution of viruses and their hosts (Buckling and Rainey 2002; Forde 
et al. 2004; Morgan and Buckling 2006), the population structure of wild viruses has not 
been well characterized. 
 It has been suggested that populations of organisms with sizes similar to viruses 
do not exhibit biogeographic structure due to their small size and large abundance (Finlay 
2002). Recent investigations have shown global distribution of viral sequences, 
suggesting high rates of migration that may prevent local adaptation (Breitbart et al. 
2004; Short and Suttle 2005; Silander et al. 2005; Snyder et al. 2007). Other 
investigations have suggested that biogeographic patterns exist for viral communities 
(Moebus and Nattkemper 1981; Wichels et al. 2002; Wiedenheft et al. 2004; Desnues et 
al. 2008; Kunin et al. 2008). However, in these studies, the biogeographic distributions of 
both host and virus species were not determined; therefore, it is difficult to distinguish 
whether the observed patterns resulted from the presence or absence of a particular host 
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species or the population structures of the viruses themselves. In order to determine how 
host–virus interactions evolve in a spatial context, the biogeographic distribution of both 
the virus and the host must be defined. We have previously demonstrated that the 
population structure of the thermoacidophilic archaeon Sulfolobus islandicus is consistent 
with isolation by distance (Whitaker et al. 2003). This unique system of geographically 
isolated microbial hosts provides an ideal model for testing host–virus coevolution and 
local adaptation in a spatial context. 
 The recently identified microbial CRISPR system is likely to play an important 
role in shaping host–virus interactions and local adaptation. The CRISPR loci are thought 
to provide immunity when short sequences of infectious elements are incorporated 
between conserved short repeat sequences (Mojica et al. 2005; Pourcel et al. 2005; Godde 
and Bickerton 2006; Lillestøl et al. 2006; Barrangou et al. 2007; Sorek et al. 2008). 
Barrangou and colleagues observed that a small proportion of S. thermophilus cultures 
were able to acquire new CRISPR spacer sequences at one end of the locus (the leader 
end) during viral challenge (Barrangou et al. 2007). The mechanism of CRISPR 
immunity is unknown, however, new CRISPR spacers with 100% sequence identity to 
the viral sequence confer host resistance to viral lysis in S. thermophilus (Deveau et al. 
2008). Although the immune function has not been demonstrated in S. islandicus, it is 
clear from CRISPR spacer similarity to mobile genetic elements that they represent an 
inherited sequence history of interactions in the host genome (Andersson and Banfield 
2008; Horvath et al. 2008; Tyson and Banfield 2008). 
 Here, we investigate the biogeographic distribution of viral populations that infect 
S. islandicus, using proviral sequences and markers of host–virus interactions recorded in 
the CRISPR sequences. Together, these patterns suggest a new model for viral evolution, 
combining potential host immunity and local adaptation to drive extensive heterogeneity 
in viral genome diversity. 
 
Results 
Eight strains of S. islandicus from four geographically isolated populations 
identified by Whitaker and colleagues have recently been sequenced – two from Lassen 
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National Park (LNP – L.D.8.5 and L.S.2.15), two from Yellowstone National Park (YNP 
– Y.G.57.14 and Y.N.15.51), three from the Mutnovsky Volcano in Kamchatka, 
Russia (M.14.25, M.16.27 and M.16.4), and one from the Uzon Caldera of Kamchatka, 
Russia (U.3.28) (Whitaker et al. 2003). These strains are closely related and are distinct 
from three other sequenced species of Sulfolobus (Whitaker et al. 2003). 
 
Comparative genomics of Sulfolobus spindle-shaped viruses 
 Integrated mobile elements were identified in the S. islandicus genomes by 
sequence similarity to published Sulfolobus viruses and plasmids. Among these, a unique 
Sulfolobus spindle-shaped virus (SSV) genome between 13.5 and 17 kbp in length was 
found integrated into different tRNA genes in each of four S. islandicus strains: L.S.2.15 
(Leu-tRNA), Y.G.57.14 (Gln-tRNA), M.14.25 (Arg-tRNA) and U.3.28 (Gln-tRNA). 
SSVs are non-lytic, circular, double-stranded DNA viruses that integrate site specifically 
into their host genomes. These proviruses were compared with SSV strains isolated and 
sequenced from Sulfolobus hosts from YNP (SSVrh) (Wiedenheft et al. 2004), Japan 
(SSV1) (Palm et al. 1991), Iceland (SSV2 and SSV4) (Stedman et al. 2003; Peng 2008), 
and the Geyser Valley of Kamchatka, Russia (SSVk1) (Wiedenheft et al. 2004). 
Homologous gene clusters from nine SSV genomes were identified through MCL 
clustering based on amino acid sequences (Enright et al. 2002). Of the 85 homologous 
gene clusters, 14 are core (i.e. present in all strains) and 71 are variable, including 34 
unique to a single SSV strain (Table 2.1). All SSVs have a colinear organization, with the 
core genes positioned on one half of the genome (Table 2.1) (Wiedenheft et al. 2004; 
Frols et al. 2007). 
 Figure 2.1 shows the phylogeny of the concatenated nucleotide alignment of 12 
core genes, in which viral strains cluster by geographic location. Each node has 
significant (100%) bootstrap support by Maximum Likelihood and Maximum Parsimony, 
and significant (1.00) posterior probability support by Bayesian inference. In addition to 
core genes, phylogenetic analyses of the four variable gene clusters lacking a 
representative in one or two viral strains (clusters 17, 21, 83 and 84) also group viruses 
by geographic location. There are two core genes, cluster 19, and the integrase, cluster 
29, which show alternative topologies with significant bootstrap support (Figure 2.2). 
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Rather than being grouped by geographic location, the integrase sequences form clades 
according to their tRNA integration site (Figure 2.2), indicating they cluster due to their 
conserved function rather than homology. Without a representative of each type of 
integrase from each location we cannot distinguish whether these genes have a 
biogeographic pattern. 
 The biogeographic pattern for the majority of core genes, shown in Figure 2.1, 
where viruses are associated with a single location, is similar to the pattern seen in the 
host, S. islandicus (Whitaker et al. 2003). However, it is highly unlikely that the 
biogeographic patterns we observe result from ancestral integration and evolution within 
the host genome because: (i) SSV provirus core genes are much more variable than the 
core genes in the host genome, (ii) SSV proviruses are highly variable in genome content 
and (iii) each SSV provirus is integrated into a different location within the host genome. 
From these data we conclude that each proviral strain identified here was recently 
integrated into its host genome (i.e. after the strains shared a common ancestor) and the 
observed biogeographic patterns are consistent with independent viral evolution within 
each local population. 
 Significant variation in gene content was observed in the SSV genomes. On 
average, 56% (ranging between 46% and 62%) of the genes in each genome were not 
shared by all other SSV strains (Table 2.1). Interestingly, the distribution of genes in the 
variable component of the SSV genome is not associated with regional populations. 
Thirty (81%) of the variable gene homologues were common to strains from distant 
locations, but were missing from paired local representatives (Table 2.1). For example, 
three contiguous genes (shown to be involved in UV responses in SSV1; (Frols et al. 
2007) with amino acid identity greater than 60% (clusters 66–68) were only shared 
between the integrated provirus Y.G.57.14.SSV from Yellowstone and SSV1 from Japan. 
Variation in gene content among proviruses and viral isolates may be influenced by gene 
loss from integrated elements. However, all SSV genome sequences (proviral and viral 
isolates) are of similar size, indicating that this is a minor source of variation. The 
distribution of variable gene sequences shows an interesting difference from the 
biogeographic distribution of core genes in the SSV genomes. 
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Host–virus interactions revealed by CRISPR sequence signatures 
 We used the history of viral interactions recorded in the host CRISPR loci to test 
for biogeographic patterns in viral communities beyond the integrated SSVs. Twenty 
CRISPR loci containing 1393 CRISPR spacers were identified in eight strains of S. 
islandicus. Similar to other Sulfolobus species, the CRISPR spacers were between 31 and 
48 bp in length (Lillestøl et al. 2006). Of all the CRISPR spacers, 233 had significant 
BLAST matches, with 138 matching viruses and 14 matching plasmids (Figure 2.3 and 
Table 2.2). Of the spacers that matched viruses and plasmids, 44 matched integrated 
elements in the genomes of S. islandicus strains. Ten of these spacers were 100% 
identical to nucleotide sequences of integrated viruses (7) or plasmids (3) in the S. 
islandicus genomes, but always in a different genome from the spacer (Table 2.1). These 
data support the hypothesis that CRISPRs have an immune function in Sulfolobus. In 
addition, these data suggest that CRISPR immunity can prohibit integration of non-lytic 
mobile elements, which has not been previously shown. Of 29 CRISPR spacers that 
matched an SSV, 27 matched SSV open reading frames (Table 2.1). 
 For each significant CRISPR spacer match to a virus, the percent nucleotide 
identity was calculated as a measure of divergence between the virus fragment archived 
in the CRISPR spacer of the host and the matching sequenced virus. Rather than 
investigating the succession of interactions through time as in Tyson and Banfield (2008) 
and Barrangou and colleagues (2007), we are examining the history of the divergence of 
the virus since its interaction with the host. Higher identity across the length of the spacer 
insert indicates less divergence between the virus the host interacted with and its CRISPR 
match. Because of the rapid addition and loss of CRISPR spacers from microbial 
genomes (Horvath et al. 2008), we assumed that interactions recorded in CRISPR loci 
were recent enough that the host spacer sequence has not diverged. For each S. islandicus 
genome, CRISPR spacer matches were divided into those that matched local or foreign 
viruses. Figure 2.4 shows that average percent identities were higher for local viruses 
than foreign viruses in the seven genomes with matches in both categories. The pattern in 
Figure 2.4 demonstrates that S. islandicus hosts have interacted with viruses more similar 
to local viruses than foreign viruses, and therefore supports a viral biogeographic pattern. 
The consistent pattern observed across all strains is highly significant, as the probability 
32 
 
that all seven genomes would have a higher average percent identity to local viruses by 
chance is 2x10
-7
. Additionally, a Welch ANOVA test combining all matches to viruses 
from seven S. islandicus genomes shows a statistically significant (P = 0.01) difference 
between local and foreign averages. 
 The pattern of CRISPR spacers matching, on average, more closely to local 
viruses than foreign viruses may be influenced by sample collection time as well as 
location. Most (7/10) of the 100% identical matches were observed between proviruses in 
the S. islandicus genomes and CRISPR spacers in other S. islandicus strains collected at 
the same time (Table 2.3). However, 109/138 (79%) of the total viral CRISPR spacer 
matches were to sequences from viruses collected by other investigators at other times 
and other hot springs within each location. The relationship shown in Figure 2.4 was 
maintained for the three strains with local virus matches when proviruses identified 
within S. islandicus genomes were excluded from the analysis, reflecting a spatial pattern 
independent of sample collection time. The strength of this pattern is not limited by 
sampling of viruses. While biogeographic patterns may not exist for all viruses within the 
hot spring system, for the group of viruses that have been sequenced to date, we have 
demonstrated a biogeographic pattern in the Sulfolobus viral community. In addition, our 
results do not rely on the assumption that CRISPRs function in immunity; they simply 
serve as markers recording past interactions with the host. 
 In addition to the quantitative biogeographic patterns observed in CRISPR spacer 
matches, there is a qualitative difference in the types of viruses S. islandicus interacts 
with between North America (YNP and LNP) and Kamchatka (Mutnovsky and Uzon). 
Figure 2.3 identifies the best match of each CRISPR spacer for each S. islandicus strain. 
The most common viruses matched were the lytic SIRV (Sulfolobus islandicus rod-
shaped virus) (62 spacers) and the nonlytic SSV (27 spacers). The S. islandicus strains 
showed different relative proportions of CRISPR spacers that matched each virus. There 
were an abundance of SIRV spacers in genomes from North America (61 total), but only 
one in the four strains from Kamchatka. Conversely, more Kamchatkan CRISPR spacers 
(22) matched SSV strains than North American spacers (5), despite the fact that SSVs 
have been found and sequenced in all locations (Figure 2.1). 
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 As the majority of the CRISPR spacers did not match known mobile elements, we 
explored spacers that matched other spacers for a biogeographic signal. There were 31 
combinations of CRISPR spacers that only matched one another (i.e. did not match any 
known virus or plasmid) and were not related by duplication or common ancestry (Figure 
2.3). Fifteen of the spacers that match spacers are intragenomic pairs consisting of nine 
matches within a locus and six between loci in the same genome. All intragenomic pairs 
likely arose from different independent infections of related viruses, because all but one 
are less than 100% identical (Table 2.4). The only 100% identical intragenomic pair 
within a locus is separated by 91 unrelated spacers, also supporting independent 
infections. In addition, all nine pairs occurring within the same locus are separated by at 
least three spacers (Table 2.4). Twenty-five of the total spacer to spacer matches 
(including intragenomic matches) occurred in the same geographic region, and five 
occurred between the nearby regions of Mutnovsky and Uzon (Table 2.4). Because 
spacers that match other spacers occur mostly within regions, these data support the 
limited range of mobile elements among geographic regions. 
 
Discussion 
 Our results show a biogeographic distribution of Sulfolobus viruses on a global 
scale. Both comparative population genomic analysis of a single viral type (SSV) and 
signatures of viruses from the hot spring community recorded in the CRISPR loci show 
evidence for geographically distinct viral populations associated with each local 
geothermal region. In a spatial context in which the host is limited in migration, 
biogeographic population structure may result from limits to migration of viral particles, 
or local adaptation of viruses to local hosts, or both. 
 A recent study uses neutral models to identify signatures consistent with rapid 
migration of Sulfolobus viruses within YNP and suggests that diversity within local virus 
populations results from global migration (Snyder et al. 2007). We suggest three 
explanations for the difference between these results and the ones presented here. First, 
only with complete viral core genes did we have enough sequence variation to 
phylogenetically resolve biogeographic patterns. Using only two short gene fragments 
from core genes, Snyder and colleagues may not have had enough information to identify 
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differences among strains that result in the patterns shown here. Second, it is possible that 
viruses migrate within and not between geographic locations. In this case, viral variation 
would result from a large local metapopulation. Finally, a combination of local adaptation 
and high rates of migration would give rise to the biogeographic patterns shown here. 
Experimental models predict that rapid migration of the virus, but not the host, leads to 
local adaptation (Morgan et al. 2005). Sulfolobus viruses may migrate enough to allow 
gene flow between distant locations, but not enough to prevent local adaptation. 
 The possibility of local adaptation is interesting in light of the fact that the 
variable component of the SSV genome did not resolve a geographic pattern. It seems 
likely that the geographic pattern may exist in this portion of the genome but has been 
missed because extremely large population sizes and levels of variation in gene content in 
viral populations prevent saturated sampling of variable gene diversity. Given the 
diversity of gene content in all viral types, absence of a gene from any single viral sample 
does not constitute evidence of its absence in the environment. However, it is also 
possible that shared genes from distant locations result from gene flow. A combination of 
gene flow within and between geographic regions and local adaptation within each local 
environment could give rise to biogeographic clustering of core genes and a global 
distribution of variable genes. Further sequencing of the variable component of the SSV 
genome will be necessary to distinguish between these two explanations. Both are 
consistent with the robust biogeographic pattern observed in the core SSV genome. 
 Comparative genomics of viruses that infect bacteria (phages) has revealed 
extensive heterogeneity among similar strains (Cambpell and Botstein 1983; Desiere et 
al. 2002). However, the evolutionary forces that determine this heterogeneity have not 
been identified. In the SSVs, similarity among core genes in strains from the same 
location may reflect constraints of local adaptation to local hosts or shared changes that 
have been fixed by chance. Given this local population structure, our data suggest an 
intriguing potential model of coevolution and local adaptation, where host defenses could 
drive the diversity in variable components of the SSV genome. Assuming interactions 
between S. islandicus and its viruses are negative (i.e. host pathogen interactions), 
variable gene content may diverge through diversifying selection to escape local host 
defenses, such as the CRISPR system’s potential immune function. If the pattern of 
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global distribution of variable genes results from gene flow from distant locations, 
introgression of novel genes (possibly from rare migrants) may allow viruses to evade 
sequence-specific host immunity, driving the extensive diversity in this portion of the 
genome. S. islandicus and the SSV represent an ideal system to test this model for viral 
diversity in which host and viral distributions have now been defined. 
 Coevolutionary interactions driven by host immunity will also influence genome 
dynamics in the host genome. Novel gene acquisition by microorganisms has been 
suggested to result from remnants of viral integration (Stedman et al. 2003; Frost et al. 
2005). Although the CRISPR immunity mechanism has only been shown to confer 
resistance to viral lysis in S. thermophilus (Barrangou et al. 2007), our data that CRISPR 
spacers match 100% only to elements integrated in other genomes supports an immunity 
function in S. islandicus and indicates that CRISPR immunity may also affect non-lytic 
interactions, and are likely to occur early in infection to prevent integration of mobile 
elements. Therefore, immunity interactions between hosts and integrative mobile 
elements that serve as agents of horizontal gene transfer have great implications for 
understanding the evolution of variation in gene content in host genomes. 
 This work demonstrates that viral diversity and therefore host–virus interactions 
coevolve in a biogeographic context. Both S. islandicus (Whitaker et al. 2003) and its 
viruses have a biogeographic structure that is driven by limits to migration, local 
adaptation or both. Comparative genomics has emphasized the importance of viruses to 
microbial evolution (Coleman et al. 2006; Lindell et al. 2007). Understanding how host–
virus coevolution and immunity interactions evolve in the biogeographic mosaic will 
provide critical insight into the mechanisms that govern the distribution of gene and 
genome diversity within and between microbial populations in natural environments. 
 
Methods 
Strains 
 Eight strains of S. islandicus: L.D.8.5 and L.S.2.15 from Devil’s Kitchen and 
Sulphur Works respectively, in LNP; Y.G.57.14 and Y.N.15.51 from Geyser Creek and 
Norris Geyser Basin respectively, in YNP; M.14.25, M.16.27 and M.16.4 from the 
Mutnovsky Volcano in Kamchatka, Russia; and U.3.28 from Uzon in Kamchatka, Russia 
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(draft genome) were sequenced by the Joint Genome Institute using standard protocols 
(http://www.jgi.doe.gov). 
 
Identifying and comparing integrated viruses 
 BLAST (Altschul et al. 1997) searches (BLASTP, E < 10
-5
) of annotated S. 
islandicus genes against a database of previously sequenced Sulfolobus viruses (all 
viruses on the Sulfolobus Database – 
http://dac.molbio.ku.dk/dbs/Sulfolobus/cbin/mutagen.pl – 03/01/08) were used to locate 
viral genes in the genomes of S. islandicus. Where viral genes were identified, viral 
boundaries were recognized through host genome comparison as positions in the 
chromosome with novel genes inserted between the host core gene backbone. Integrated 
SSVs were compared with one another and to other previously sequenced viruses (listed 
in text). Each identified SSV is bounded in the genome by the split integrase gene and 
inserted into a tRNA, identified with tRNAscan-SE (Lowe and Eddy 1997). Homologous 
genes were identified using MCL (available from http://micans.org/mcl) to group similar 
genes using default parameters and the amino acid gene sequences (Enright et al. 2002). 
The validity of MCL clusters was determined by manual examination of the resulting 
alignments for each cluster. Gene clusters ranged from 40% to 100% identity and 
matching domains aligned, supporting their homology. Genomes of all SSVs were 
searched for open reading frames missed in original annotation using TBLASTN against 
the genome sequences with known SSV genes as the query sequence (E < 10
-5
). 
 
Phylogenetic analysis 
 Amino acid sequences for the SSV core gene clusters and the concatenated 
alignment were automatically aligned with T-coffee (Notredame et al. 2000) and 
manually inspected with MacClade (Maddison and Maddison 2005). RevTrans 
(Wernersson and Pedersen 2003) was used to back translate DNA alignments from the 
amino acid alignments. Phylogenies were inferred under Maximum Parsimony using 
PAUP* 4.0b10 (Swofford 2003). Heuristic searches were performed by 1000 random 
addition sequence replicates. Phylogenies were inferred under Maximum Likelihood with 
PAUP* 4.0b10 using their best fit model as chosen by ModelTest (Table 2.5) (Posada 
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and Buckley 1998). Heuristic searches used the same parameters as in Maximum 
Parsimony. Non-parametric bootstrapping (Felsenstein 1981) was conducted for both 
Maximum Parsimony and Maximum Likelihood with 1000 replicates of 10 random 
addition sequence replicates. The phylogeny for the concatenated data set was inferred 
using Bayesian Inference in Mr. Bayes (Ronquist and Huelsenbeck 2003) with the data 
set partitioned by gene using GTR + I + Γ using flat priors and unlinked model 
parameters. 
 
Identifying CRISPR loci 
 The algorithm LUNA (locating uniform polynucleotide areas) (Peng et al. 2003) 
was used to identify CRISPR repeats of length 20–40 bp with 20–90 bp spacers between 
them. Truncated repeats (shorter than 20 nt) at the ends of CRISPR loci were identified 
using BLAST. Several of the genomes contained what could have been short CRISPR 
loci with only two spacer sequences, usually of lengths outside the 31–48 bp length seen 
in the longer loci. These potential loci were excluded from analysis due to the difficulty 
in positively identifying them as CRISPR loci. Leader sequences were identified by 
comparing the DNA sequences present on each side of the CRISPR locus to the next 
reading frame. Loci within each genome with the same repeat sequence share the same 
leader sequence. In two of the Mutnovsky genomes, the leader on the third unpaired locus 
was identified by CRISPR locus comparison with similar genotyped isolates and the 
leader end was determined to be the end where CRISPR spacers differed (data not 
shown). Two loci in L.D.8.5 are unpaired and leaders were identified as the larger DNA 
sequence without an open reading frame. 
 
Identifying CRISPR spacer matches 
 CRISPR spacers were compared with two databases with BLAST. One database 
included all seven S. islandicus genomes (including only the integrated SSV and CRISPR 
spacer regions from U.3.28), S. solfataricus, S. acidocaldarius, S. tokodaii, SIRV from 
Yellowstone (courtesy of M. Young) and all Sulfolobus virus and plasmid sequences 
found on the Sulfolobus Database, and the other database was NCBI’s nr (03/01/08). The 
complete U.3.28 was not included in the analysis because its genome was not completely 
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assembled so that integrated elements in addition to SSVs could not be confidently 
identified. BLAST parameters used were r = 1, q = -1, G = -4 and significant hits were E 
< 0.001. ClustalW (Thompson et al. 1994) was used to align spacers and the regions they 
matched from the database. Alignments were manually extended to include the entire 
length of the spacer. Percent identity of the spacer match was calculated using the 
complete ClustalW alignment. Spacers that matched other spacers were identified as 
duplications if identical spacers were immediately next to each other or as from a 
common ancestor if identical spacers were at the same positions of the same CRISPR loci 
in other strains. Because these types of spacer matches were not independently acquired 
from mobile elements, these spacers were excluded from analysis. The percent identity of 
spacer matches to other spacers was calculated by extending the match to the length of 
the homologous region. 
 
Determining relationships between local and foreign viral communities 
 All spacer matches to viruses were identified as either a local or foreign match 
according to the collection locations of the host and the virus. Local is defined as host 
and virus from the same geographic population as defined by Whitaker and colleagues 
(within YNP, LNP, Mutnovsky or Uzon/Valley of the Geysers) while foreign are all 
other combinations (Whitaker et al. 2003). Defining the entire Kamchatka region as 
containing a single geographic population would not have changed the results of the 
analyses in this study. Average percent identity was determined from the combination of 
all spacer matches in the local or foreign categories. Spacer matches for each genome and 
for all genomes combined were analyzed in JMP (Sall and Lehman 1996) with Levene’s 
test for unequal variance (Levene 1960) and a Welch ANOVA (Welch 1951), which 
allows for unequal variance. The probability of identifying local matches with a higher 
percent identity than foreign matches in all strains was calculated assuming that each 
strain has a 0.5 probability of having local matches greater than foreign by chance.  
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Figures and Tables 
 
 
Figure 2.1. A Maximum Likelihood phylogeny of a concatenated nucleotide alignment 
of 12 SSV core genes shows grouping of strains by geographic location. Colors indicate 
location of virus sampling. 100 indicates bootstrap support from Maximum Likelihood 
and Maximum Parsimony methods as a percent of 1000 replicates. Scale bar represents 
0.1 substitution per site.  
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Figure 2.2. Maximum likelihood phylogenies of SSV core clusters that do not show 
clustering by geographic region. A: cluster 19 and B: cluster 29, the integrase, with tRNA 
integration sites listed at each node. Cluster numbers are as in Table 2.1. Numbers at 
nodes are bootstrap values out of 1000 replicates. Colors are as in Figure 2.1 (Green, 
Kamchatka, Russia, M.14.25.SSV and SSVk1 (Wiedenheft et al. 2004); yellow, LNP, 
USA, L.S.2.15.SSV; blue, YNP, USA, Y.G.57.14.SSV and SSVrh (Wiedenheft et al. 
2004); red, Iceland, SSV2 (Stedman et al. 2003) and SSV4 (Peng 2008); and purple, 
Beppu, Japan, SSV1 (Palm et al. 1991)). Scale bars represent 0.1 substitution per site. 
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Figure 2.3. CRISPR loci from eight strains of S. islandicus. Spacers are colored to 
identify the mobile genetic elements with the best sequence match. Each locus is oriented 
with the leader on the left. Different loci from the same genome are numbered 
sequentially in the genome. Diamonds represent spacer matches colored as described in 
the inset to the right. * indicates 100% identical nucleotide matches. In the inset, Other 
Sulfolobus virus spacer matches include integrated viral elements identified in the S. 
islandicus genomes, Spacer represents matches only to other spacers within the set of 
CRISPR loci described in Table 2.4, and Other represents matches only to sequences that 
are not identified as mobile elements described in Table 2.2.  
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Figure 2.4. Average percent identity of CRISPR spacer matches to local and foreign 
viruses for S. islandicus genomes. Black bars are local averages, grey bars are foreign 
averages. L.S.2.15 is not shown because it has no local matches in our sample. The y-axis 
range reflects the range of percent identity values found with a BLAST E < 0.001 cut-off 
(minimum 63%). The number of CRISPR spacers in each genome for local and foreign 
groups are as follows (local, foreign): L.D.8.5 (7, 61), Y.G.57.14 (4, 3), Y.N.15.51 (25, 
13), M.14.25 (16, 19), M.16.27 (5, 23), M.16.4 (2, 5) and U.3.28 (5, 12). 
 
  
43 
 
Table 2.1. Gene content comparisons among nine SSVs. The SSV genes are listed by 
their gene cluster numbers (column 1) from our MCL clustering analysis and as referred 
to in the text. The corresponding SSV1 gene names (column 2) are given, if present 
(Palm et al., 1991). Presence of a gene is noted by X. Locations and SSV names listed for 
columns 3–11 are: J, Japan, SSV1 (Palm et al. 1991); YNP, Y.G.57.14.SSV, SSVrh 
(Wiedenheft et al. 2004); L, LNP, L.S.2.15.SSV; I, Iceland, SSV2 (Stedman et al. 2003), 
SSV4 (Peng 2008); M, Mutnovsky in Kamchatka, Russia, M.14.25.SSV; and U/G, 
Uzon/Geyser Valley in Kamchatka, Russia, U.3.28.SSV, SSVk1 (Wiedenheft et al. 
2004). Spacers that match each gene are counted under the heading # of spacers. Core 
genes are listed with a C designation. Variable clusters in which gene distribution 
supports a biogeographic pattern have a Y in the final column. 
a. There are two instances of gene clusters with genes in two locations in different 
genomes. Their first location is listed, and the X
a
 gene is present in a different location: 
X
a
 in cluster 26 is between clusters 84 and 85 and X
a
 in cluster 46 are located between 
clusters 61 and 62. 
b. Core genes that do not support a biogeographic pattern (see Figure 2.2). 
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Table 2.1 (continued)
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Table 2.2. CRISPR spacers that match unknown or non-Sulfolobus elements. Spacers are 
named by genome.locus.spacer-number (counted from leader end) and are listed next to 
their database matches. Matches to organisms other than Sulfolobus are to non-hot spring 
organisms and are likely to be random. 
 
 
Spacer name Match ID Description
L.D.8.5.2.73 S. tokodaii GenBank: NP_376075 deoxycytidine triphosphate deaminase
L.D.8.5.3.100 S. tokodaii Mutagen: 7772
Y.G.57.14.1.21 Homo sapiens GenBank: AJ323493 genomic sequence surrounding NotI site
Y.N.15.51.2.19 Vitis vinifera GenBank: AM446835 whole genome shotgun sequence
M.14.25.1.4 S. tokodaii between ORFs
M.16.4.1.2 Oryza sativa GenBank: AP008207 japonica cultivar-group, genomic DNA, chromosome 1
M.16.4.1.53 Drsophila melanogaster GenBank: AE014298 chromosome X, complete sequence
U.3.28.2.22 S. islandicus  leader
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Table 2.3. CRISPR spacers that match 100% to an integrated virus or plasmid. Spacers 
are named by genome.locus.spacer-number (counted from leader end) and insertion 
genome and type are given. 
 
Spacer Provirus/plasmid 
genome
Insertion type
L.D.8.5.2.45 L.S.2.15 S. islandicus  provirus
L.S.2.15.1.112 L.D.8.5 plasmid
M.14.25.3.36 L.D.8.5 plasmid
M.14.25.3.44 M.16.4 plasmid
M.16.27.3.57 U.3.28 SSV
M.16.27.3.56 M.16.4 S. islandicus  provirus
M.16.27.3.11 M.14.25 SSV
M.16.27.2.5 L.S.2.15, Y.N.15.51 S. islandicus  provirus
M.16.27.2.64 M.14.25 SSV
M.16.4.1.3 M.14.25 SSV
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Table 2.4. CRISPR spacers that match other spacers. Spacers (named as in Table 2.2) are 
listed with percent nucleotide identity (%ID) over the length of the homologous region of 
the match. CRISPR loci refer to distinct CRISPR repeat/spacer arrays as in Figure 2.3 (1, 
2, 3, etc.) * Sets of three spacers that match each other. 
 
 
  
%ID
Intra-
genomic
Within or 
between  
CRISPR 
loci
Within 
geographic 
location
L.D.8.5.4.28 L.D.8.5.2.56 90.00 yes between
L.D.8.5.3.112 L.D.8.5.2.21 83.78 yes between
L.D.8.5.3.107 L.D.8.5.3.51 87.18 yes within
L.D.8.5.3.99 L.D.8.5.3.7* 100.00 yes within
L.D.8.5.3.99 L.S.2.15.2.16* 100.00 no yes
L.D.8.5.3.7 L.S.2.15.2.16* 100.00 no yes
L.D.8.5.3.40 L.D.8.5.2.7 95.12 yes between
L.D.8.5.2.35 L.S.2.15.2.95 90.32 no yes
L.S.2.15.2.79 U.3.28.1.94 87.18 no no
L.S.2.15.2.56 L.S.2.15.2.11 97.44 yes within
M.14.25.1.27 M.16.27.2.88 100.00 no yes
M.14.25.1.30 M.14.25.3.31 88.89 yes between
M.14.25.1.35 M.14.25.3.41 88.57 yes between
M.14.25.2.10 M.16.4.1.65 92.31 no yes
M.14.25.2.8 U.3.28.2.14 91.67 no no
M.14.25.3.10 U.3.28.1.1 81.58 no no
M.14.25.3.18 M.16.4.1.19 94.74 no yes
M.14.25.3.39 M.16.4.2.14 100.00 no yes
M.16.27.2.28 M.16.27.2.93 90.00 yes within
M.16.27.2.33 M.16.4.2.57* 82.9 no yes
M.16.27.2.33 U.3.28.1.84* 89.7 no no
M.16.4.2.57 U.3.28.1.84* 94.3 no no
M.16.27.2.53 M.16.27.2.66 86.84 yes within
M.16.27.2.73 M.16.4.1.45 92.86 no yes
M.16.27.2.80 U.3.28.1.5 89.19 no no
M.16.4.1.64 M.16.4.2.21 85.29 yes between
M.16.4.1.51 M.16.4.1.23 87.88 yes within
M.16.4.1.22 M.16.27.3.2 78.95 no yes
U.3.28.1.13 U.3.28.1.17 90.24 yes within
U.3.28.1.15 U.3.28.1.71 84.62 yes within
U.3.28.1.77 U.3.28.1.106 82.50 yes within
Spacer to spacer matches
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Table 2.5. Maximum likelihood parameters for each individual SSV core gene and the 
concatenated data set. 
 
 
  
Gene 
cluster Model Name Nst
Rate matrix or 
(Transition/Transversion)
Proportion of 
invariable 
sites
Gamma 
shape
01 TVM+I 0.3016 0.2281 0.1983 0.2720 6 1.3260 6.8590 1.9531 3.5432 6.8590 0.4258 NA
12 GTR+I+G 0.2895 0.2150 0.1987 0.2968 6 1.2505 2.7041 1.7590 1.4811 3.1931 0.2028 2.9346
13 TVM+I 0.2486 0.1826 0.2609 0.3079 6 4.1265 9.4417 4.2873 3.9827 9.4417 0.4375 NA
14 K81uf+I+G 0.2340 0.2173 0.2294 0.3193 6 1.0000 6.7093 3.7594 3.7594 6.7093 0.3902 2.9839
15 TVM+I+G 0.3482 0.2240 0.2101 0.2177 6 0.9492 1.6380 0.2327 0.8475 1.6380 0.3284 1.8192
16 TVM+I+G 0.3350 0.2213 0.2027 0.2410 6 2.0808 3.8161 1.0356 0.9399 3.8161 0.2821 2.0495
18 TVM+I+G 0.2370 0.1904 0.2167 0.3560 6 4.3020 9.4886 2.0517 5.3569 9.4886 0.2783 2.6397
19 TVM+I 0.3122 0.2020 0.2024 0.2834 6 1.7151 2.1216 0.5283 1.1812 2.1216 0.1462 NA
21 K81uf+I+G 0.3490 0.1771 0.2297 0.2441 6 1.0000 5.2815 1.8034 1.8034 5.2815 0.3337 1.8415
23 TrN+I 0.3722 0.1656 0.2559 0.2063 6 1.0000 2.0675 1.0000 1.0000 4.0010 0.4023 NA
24 GTR+I+G 0.3735 0.1447 0.2370 0.2448 6 2.6368 4.0960 1.8046 3.2420 10.5198 0.1346 1.2222
79 TrN+I 0.4065 0.1468 0.2312 0.2155 6 1.0000 2.1782 1.0000 1.0000 5.3233 0.2898 NA
80 HKY+G 0.3339 0.1979 0.1842 0.2840 2 2.0320 0.0000 0.9962
cat GTR+I+G 0.3129 0.1949 0.2187 0.2735 6 1.3630 3.0401 1.5037 1.5446 3.5165 0.2776 3.1289
Base (ACGT)
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Chapter 3: CRISPR associated 
diversity within a population of 
Sulfolobus islandicus* 
 
Abstract 
Predator-prey models for virus-host interactions predict that viruses will cause 
oscillations of microbial host densities due to an arms race between resistance and 
virulence. A newly discovered form of microbial resistance, CRISPRs (clustered 
regularly interspaced short palindromic repeats) are a rapidly evolving, sequence-specific 
immunity mechanism in which a short piece of invading viral DNA is inserted into the 
host’s chromosome, thereby rendering the host resistant to further infection. Few studies 
have linked this form of resistance to population dynamics in natural microbial 
populations. We examined sequence diversity in 39 strains of the archeaon Sulfolobus 
islandicus from a single, isolated hot spring from Kamchatka, Russia to determine the 
effects of CRISPR immunity on microbial population dynamics. First, multiple 
housekeeping genetic markers identify a large clonal group of identical genotypes 
coexisting with a diverse set of rare genotypes. Second, the sequence-specific CRISPR 
spacer arrays split the large group of isolates into two very different groups and reveal 
extensive diversity and no evidence for dominance of a single clone within the 
population. The evenness of resistance genotypes found within this population of S. 
islandicus is indicative of a lack of strain dominance, in contrast to the prediction for a 
resistant strain in a simple predator-prey interaction. Based on evidence for the 
independent acquisition of resistant sequences, we hypothesize that CRISPR mediated 
clonal interference between resistant strains promotes and maintains diversity in this 
natural population. 
 
                                                 
*
 This chapter has been published previously: Held, N. L., A. Herrera, et al. (2010). "CRISPR Associated 
Diversity within a Population of Sulfolobus islandicus." PLoS One 5(9): 9. 
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Introduction 
Virus-host interactions are a prominent driver of microbial diversity in natural 
environments. The simplest models describe these interactions through predator-prey 
dynamics which result in temporal fluctuations in strain dominance similar to ecological 
Lotka-Volterra models (Lenski and Levin 1985; Bohannan and Lenski 1997; Thingstad 
2000). Without a cost to resistance and in a homogenous environment, these models 
predict that populations exhibit oscillations in host abundance in their arms race with 
viral predators (Abrams and Matsuda 1997; Bohannan and Lenski 1999; Middelboe 
2000; Yoshida et al. 2007; Rodriguez-Valera et al. 2009). Such models have been 
verified experimentally with microbial populations in chemostats (Bohannan and Lenski 
1999). Also, using community genomics of host and virus, Rodriguez-Brito et al. 
demonstrated change in the viral populations through time suggestive of these dynamics 
(Rodriguez-Brito et al. 2010). 
Oscillations of different species’ abundance are theorized to be damped by fitness 
trade-offs associated with the physiological costs of viral resistance, resulting in a stable 
level of diversity of coexisting strains within a population at any one time (Weitz et al. 
2005). This is generalized from the kill-the-winner model, where the winner has a 
competitive advantage in resource utilization, but is susceptible to predation (Winter et al. 
2010). For example, the theoretical predictions of Weitz et al. find that host and virus can 
coexist and diversify in a homogenous culture with a single resource due to variation in 
the trade-offs associated with phage resistance and viral virulence (Weitz et al. 2005). 
These dynamics have been demonstrated experimentally in chemostat cultures of 
Cellulophaga baltica infected with two virulent bacteriophages (Middelboe et al. 2009). 
In this study, Middelboe et al. showed that, upon infection by phage, the coexisting 
lineages of Flavobacterium diversified physiologically and in phage susceptibility to a 
panel of phages. In addition, Lennon et al. demonstrated variation in the cost of resistance 
that could result in a stable level of diversity within a population that is higher than would 
be predicted if populations were evolving through clonal competition for resources in the 
absence of viral predation (Lennon et al. 2007). It has recently been suggested that the 
genetic source of these variable resistance profiles is phage receptor diversity provided by 
highly variable, rapidly evolving regions of microbial genomes (genomic islands) 
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(Rodriguez-Valera et al. 2009). Diversity is further promoted as these dynamics occur in 
spatially structured populations of hosts and viruses where coevolutionary dynamics 
allow diversity to persist on a larger scale (Brockhurst et al. 2004). Viral predation 
thereby provides the (non-neutral) mechanism maintaining microbial diversity and 
provides a solution to the apparent ‘‘paradox of the plankton’’ where seemingly 
redundant organisms coexist (Hutchinson 1961). 
Predictions from theoretical and experimental studies of virus-host interactions 
have been challenging to study in wild populations because establishing linkage between 
genotype and resistance phenotype is difficult using culture independent molecular tools 
(Holmfeldt et al. 2007). The recently discovered sequence based CRISPR (clustered 
regularly interspaced short palindromic repeats) system provides the means to examine 
virus-host interactions in natural populations using molecular tools. CRISPRs are a 
microbial system discovered to provide immunity to viruses in Streptococcus 
thermophilus (Barrangou et al. 2007) and prevent conjugative transfer of plasmids in 
Staphylococcus epidermidis (Marraffini and Sontheimer 2008). Sequence specific 
resistance, conferred by short DNA spacer sequences on the host chromosome and 
separated by repeat sequences of similar length, have been shown to match extracellular 
elements such as viruses and plasmids (Bolotin et al. 2005; Mojica et al. 2005; Pourcel et 
al. 2005). New spacers are incorporated into the genome at one end of the locus, the 
leader end, with the other end of the locus, the trailer end, representing the oldest spacers 
in the locus. As with other forms of adaptive immunity, notably that found in humans and 
other jawed vertebrates, CRISPRs are combinatorial and rapidly evolving (Pancer and 
Cooper 2006; Barrangou et al. 2007; Deveau et al. 2008; Horvath et al. 2008). 
To examine the effects of CRISPR immunity on population dynamics, Tyson and 
Banfield reconstructed CRISPR loci from two different populations of one species of 
Leptospirillum group II from acid mine drainage (Tyson and Banfield 2008). This study 
observed that the group of spacers at the trailer end of the locus was generally in 
conserved order (with some spacer loss) in both populations. Spacers at the middle of the 
locus were population specific, and towards the leader end of the locus the spacers 
became strain specific. This is consistent with oscillations in clone abundance caused by 
a selective sweep of a clone that acquired resistance through a specific spacer sequence, 
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seen by shared spacers at the trailer end of the locus. In contrast, in a more complex 
microbial mat, Heidelberg et al. rarely saw the same spacer twice, and not necessarily in 
the same CRISPR spacer context, and therefore were unable to specifically assess the 
virus-host dynamics of the system (Heidelberg et al. 2009). 
In order to understand the ways in which virus-host interactions mediated by 
CRISPRs affect population dynamics, it is necessary to link signatures of resistance 
among coexisting strains to genotypic variation within a population. Analysis of natural 
population dynamics at a strain-specific level is needed to test predictions of current 
models about the way that virus-host interactions affect population dynamics (Banfield 
and Young 2009). We investigate the diversity present in a single population of S. 
islandicus from a hot spring in the Mutnovsky Volcano region of Kamchatka, Russia. We 
use multi-locus sequence analysis (MLSA) from a set of core housekeeping genes present 
in S. islandicus to determine overall host diversity and compare this to the diversity 
identified in CRISPR spacer sequences from each isolate. 
 
Results 
Relationships among strains by MLSA 
Figure 3.1A shows the Maximum Parsimony phylogeny constructed from the 
concatenated MLSA data from 12 variable core loci (6684 bp in total) among 39 strains 
of Sulfolobus islandicus from a single hot spring in the Mutnovsky Volcano region of 
Kamchatka, Russia. As shown in Figure 3.1B, and as has been demonstrated previously 
(Whitaker et al. 2005), this population contains an epidemic population structure (Smith 
et al. 1993) in which one dominant genotype (blue names in Figure 3.1A: 49% of clones) 
coexists with rare recombinant types containing different combinations of rare alleles. 
We previously hypothesized that this dominant clone results from a clonal expansion of 
one type possibly due to viral resistance. Rates of recombination, estimated with 12 new 
loci using ClonalFrame (Didelot and Falush 2007), are close to previous reports 
(Whitaker et al. 2005) using five loci with a recombination to mutation ratio (r/m) of 3.8. 
Rarefaction curves of the MLSA genotypes (Figure 3.2A) demonstrate that when OTUs 
are binned at 0.01% divergence (one SNP per 1000 bp), the diversity of S. islandicus in 
this spring has been well sampled with the 39 strains described here. Chao1 richness is 
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estimated to be 20 OTUs when each individual is unique (one OTU at 0.01% divergence) 
(Chao 1984). 
 
Diversity of sequences from CRISPR loci 
S. islandicus from the Mutnovsky population have up to three CRISPR loci 
(named C, A1, and A2, see Figure 3.3A) that encode a sequence based history of 
interactions between S. islandicus and mobile elements such as viruses and plasmids 
(Held and Whitaker 2009). Figure 3.3B shows the leader and trailer end sequences from 
these three loci from 37 new strains and two previously sequenced strains from the M.16 
hot spring (Reno et al. 2009). In total, we sequenced 2374 new CRISPR spacers, with 
756 unique spacer sequences of average length 39 bp. Unlike the MLSA data, the 
rarefaction curve of the coded CRISPR spacer arrays (each spacer represents a single 
character) shows that the diversity at the CRISPR loci is undersampled with 39 strains 
from a single hot spring (Figure 3.2B). Chao1 richness is estimated to be 10 times that 
estimated for MLSA if every difference is considered unique and is very likely a dramatic 
underestimation of diversity due to undersampling (Chao 1984). 
Several loci could not be amplified despite development of eight new primer 
sequences (Figure 3.4) because of the diversity of sequences surrounding loci of closely 
related strains. In several cases, failure to amplify loci resulted from the loss of the C 
locus, as confirmed by genome sequencing and southern hybridizations using the repeat 
sequence from that locus as a probe (data not shown). At the A1 and A2 loci we were 
unable to determine whether sequence divergence or loss of the locus prevented 
amplification, because probes with the A sequence bind to both loci in southern blots. 
Nevertheless, the presence of these loci in sequenced isolates that failed to amplify 
suggests sequence divergence rather than loss of these loci by members of this 
population. These data demonstrate the high level of diversity within this system that 
appears not only in the spacer sequences but in surrounding genes involved in the 
CRISPR system as well. 
In this population of S. islandicus, as has been observed in other studies, the 
leader ends of all three CRISPR loci are more variable than the trailer ends (Barrangou et 
al. 2007; Horvath et al. 2008; Tyson and Banfield 2008). Many isolates share the same 
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spacers as another isolate throughout the locus except for the leader-proximal spacers, 
likely due to the two isolates sharing a common ancestor at that locus (Figure 3.3B). As 
has been experimentally demonstrated for bacterial species (Streptococcus sp.), new 
spacer sequences are added at the leader end in response to invasion of mobile elements 
(Barrangou et al. 2007). If CRISPR addition occurs in Sulfolobus as it does in 
Streptococcus, the variability observed at the leader end is likely to have resulted from 
recent interactions of S. islandicus with viruses or plasmids and indicates that these loci 
are actively acquiring resistance in this population. For several pairs of isolates, the only 
remaining evidence of shared spacer sequences in the same position are the very first 
conserved spacer at the trailer end of the locus (indicated in Figure 3.1C by the dual-color 
in the summary bar on the right), demonstrating probable ancestry followed by 
divergence. Although there is striking diversity in the CRISPR spacer arrays among the 
39 isolates, every individual is not unique. 
In addition to sequence variation, we also observed variation in CRISPR loci in 
the S. islandicus population that results from spacer loss. Loss is identified by comparing 
two isolates with the same set of spacers in the same order on either side of a gap in the 
spacer alignment (van Embden et al. 2000; Pourcel et al. 2005; Tyson and Banfield 
2008). S. islandicus isolates show evidence of spacer loss, both individual and in sets of 
up to five spacers, with two being the average size of consecutively lost spacers (as is 
shown in Figure 3.3). We tested whether the variability of spacers at the leader end of the 
locus could actually result from loss of spacers at the leader end. If this were the case, we 
would expect to see spacers from the leader end of a locus in one strain match those from 
the middle of a locus in another strain. In the subset of fully sequenced isolates, we were 
able to search for leader end spacers from other isolates located internally in the fully 
sequenced loci and did not find any matches, indicating that the leader end sequences are 
truly unique and result from independent spacer acquisition (data not shown). 
Of the 756 unique spacers, only 50 have significant (E < 0.001) BLAST matches 
to a database of Sulfolobus genomes, viruses, and plasmids. The majority (87%) of these 
match viruses; 22% of total matches are to viruses integrated into S. islandicus genomes 
and 51% of total matches are to SSV (Sulfolobus spindle-shaped virus) sequences, a non-
lytic virus that has been isolated from around the world, with many sequenced isolates. 
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The rest of the matches (less than 7% each) are to plasmids and other Sulfolobus genomes 
or other integrated elements within them. As we have shown previously, we do not see 
spacers that match 100% to a portion of the same genome in which the spacers are 
located, as is evident in the fully sequenced subset of isolates from this population (Held 
and Whitaker 2009). 
 
Population structure defined by CRISPR sequences 
As shown in Figure 3.1, the relationships among strains based on CRISPR 
sequences are very different from those observed by MLSA. The summary of CRISPR 
locus types (Figure 3.1C) split the large group of apparently identical MLSA genotypes, 
hypothesized to represent the epidemic rise in frequency of a single clone, into two 
groups of isolates with no recognizable evidence of ancestry. Furthermore, members of 
each of these two new groups of isolates share apparently ancient ancestry with the more 
divergent rare types observed through MLSA analysis, as is evidenced by their sharing 
spacer sequences at their trailer ends. As with the MLSA, Figure 3.1C shows rare 
recombinant combinations of CRISPR alleles indicating that recombination is also 
occurring among these loci. 
Figure 3.5 shows the difference in population structure within a hot spring based 
on MLSA and CRISPR sequences. The MLSA core genotype category shows a 
population structure in which there are a few dominant types, indicating some evidence 
of selective sweeps in the history of the population. However, contrary to data from 
metagenomic analyses of microbial diversity, even at their most conserved (trailer end), 
the CRISPR sequences show evidence for a diversity of coexisting genotypes. Although 
there are several groups of strains with multiple representatives, CRISPR sequences show 
no evidence of a selective sweep as would have been predicted based on MLSA data and 
on theoretical predictions about the rise in frequency of strains resistant to viral infection 
(Bohannan and Lenski 1997). 
 
Independent acquisition of CRISPR spacers 
We compared CRISPR spacer sequences to one another to test for evidence of 
independent acquisition of spacers to the same virus by different coexisting strains. There 
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are 41 pairs of spacers that match one another at least 88% over a length of at least 17 bp 
that are not related to one another ancestrally, i.e. in the same context in the locus 
(spacers that match other spacers are indicated in Figure 3.3 by dots and are listed in 
Table 3.1). Most of these are not identical spacers, but rather are offset (37 out of 41 
pairs) as is shown in Figure 3.6. The incomplete overlap of each spacer, in addition to its 
unique position in the spacer array, indicates that it represents an independent acquisition 
of a spacer from nearly the same location in the same virus or plasmid. One pair of 
consecutive spacers match, between two strains, 100% in sequence over 100% of the 
length in a different leader end context (M.16.27 C-15 and C-16 and M.16.38 C-15 and 
C-16, Figure 3.3). Because it is unlikely that two consecutive spacers that match exactly 
between two strains were independently acquired by each strain, we have excluded these 
from our analysis of independent acquisition. 
18 (44%) of the independently acquired matching spacer pairs are located on the 
leader ends of loci in both strains, which indicates that both spacers were recent 
acquisitions of an element that was present in the spring at that time. Pairs with both 
trailer end spacers make up 27% of the matches and mixed leader and trailer matches 
make up the remaining 29%. We did not observe a locus preference for spacers as has 
been suggested previously (Lillestøl et al. 2009). Of the 41 pairs of independently 
acquired spacers that match one another, only one pair is from strains that have similar 
CRISPR spacer arrays. The rest are between divergent strains with very different 
CRISPR arrays. 
Matches between independently acquired spacers from isolates with different 
CRISPR arrays demonstrates that isolates share a common viral pool from which they are 
independently infected. When spacers are compared to Sulfolobus viruses, plasmids, and 
S. islandicus genomes, there are two viruses (SSV) that are matched 100% by different 
spacers from different isolates. One virus has two spacers that match it while the other 
has three spacers. Just like the overlapping spacer matches, the spacers that match the 
same virus represent independent acquisitions, by different isolates, of the same virus. It 
is unlikely that the high frequency of spacer matches is due to a particular, rare sequence 
on the genome that is especially effective in resistance because we and others have shown 
that spacers are derived from throughout viral genomes (Andersson and Banfield 2008; 
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Deveau et al. 2008; Held and Whitaker 2009), corresponding only to a short protospacer-
associated motif (PAM), shown to be a dinucleotide sequence in Sulfolobus (Lillestøl et 
al. 2009). Therefore, the number of matches between spacers results from a combination 
of the selective force of virus-host interactions and/or the possibly low complexity of the 
viral community. 
 
Discussion 
Our results show a significant amount of diversity in a population of S. islandicus 
from a single hot spring. This diversity is underestimated by MLSA sequences, but is 
revealed by CRISPR spacers present in these strains. Relationships described by MLSA 
are quite different from those observed using CRISPR locus sequences supporting the 
rapid evolution of CRISPR sequences relative to the rest of the genome. In addition, the 
population structure revealed by the individual-level of resolution provided by CRISPRs 
shows no evidence of a selective sweep or an epidemic structure in which one set of 
sequences is at high abundance relative to the rest of the population. Without a dominant 
clone, this snapshot of diversity within a single population is unlikely to follow a simple 
predator-prey model in which there are oscillations in strain abundance dependent upon 
resistance. 
This is in contrast to the metagenome study of the clonal Leptospirillum sp., in 
which evidence of selective sweeps were identified in shared spacer sequences at the 
trailer end of the repeat spacer region of the locus as well as surrounding genes (Tyson 
and Banfield 2008). Explanations for the diversity and lack of strain dominance observed 
in the CRISPR loci in the Sulfolobus population include: 1) the addition of spacers in the 
bacterial population are slower, leaving time for a selective sweep to occur, 2) viruses in 
the Leptospirillum population are more virulent, causing a stronger selection, 3) the two 
studies have observed dynamics at different times during oscillations within populations, 
4) there are differences in the number of interactions between strains in the highly 
structured biofilm and well mixed hot spring environments, and 5) there is a difference in 
recombination frequency between Leptospirillum and Sulfolobus that preserves the 
diversity of both genotype and CRISPR arrays in the S. islandicus population. In 
addition, in the metagenome study, as opposed to this study of isolates, it is difficult to 
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link individual spacers within a CRISPR array and to link these arrays to very similar 
specific genotypes. 
Spatial substructure would physically isolate hosts and/or virus populations from 
one another, allowing aggregate diversity to persist (Schrag and Mittler 1996). The 
demonstration that S. islandicus isolates from this pool are recombining suggests that 
they are not completely isolated from one another (Whitaker et al. 2005). Also, 
independently acquired CRISPR spacer matches to the same mobile element indicate that 
individuals in this population share a pool of viruses and plasmids. Together, these data 
suggest that spatial structure within a single pool is not promoting the diversity in the 
CRISPR sequences we observe. 
Theoretical and experimental studies have demonstrated that diversity of 
coexisting strains can arise in a population due to tradeoffs and variation in resistance 
phenotypes, and their costs are often associated with the efficiency of nutrient uptake 
(Lenski and Levin 1985; Brockhurst et al. 2005; Lennon et al. 2007). Although the cost 
of CRISPR immunity has not been explicitly tested, it is unlikely that there is variation in 
the cost associated with spacer-specific resistance, because expression of the entire 
CRISPR locus occurs constitutively regardless of a match to an invading element 
(Lillestøl et al. 2009). Therefore, in the absence of an infecting virus, the cost of 
maintaining the CRISPR system is unlikely to be virus specific, and the cost of using the 
CRISPR system is not expected to vary across all members of the population that 
maintain similar numbers of CRISPR arrays (Winter et al. 2010). Without variation in the 
cost of resistance, these models for the maintenance of diversity are also difficult to apply 
to this population. 
We propose that CRISPR diversity may be maintained within this S. islandicus 
population due to clonal interference among individuals that have independently acquired 
resistance to viruses in their CRISPR loci. Different clones, each with a different 
CRISPR spacer to the same virus, compete with one another and therefore prevent a 
sweep that would purge diversity from the environment (Gerrish and Lenski 1998). 
Diversity is maintained in microbial populations because rapid, independent acquisition 
of resistance by different genotypic backgrounds prevents periodic selective sweeps of 
resistant types. The evolution of the CRISPR locus through spacer addition is rapid 
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enough that multiple strains within the same population can easily acquire the same 
resistance to a dominant virus. Each uniquely acquired CRISPR spacer is present in the 
population at a different frequency due to the timing at which the resistance was 
originally gained (Lythgoe and Chao 2003). 
This is conceptually similar to the theoretical model described by Rodriguez-
Valera et al. in which diversity is maintained due to the rapid evolution of virus receptors 
in genomic islands (Rodriguez-Valera et al. 2009), however it provides a mechanism for 
the rapid generation of variation that directly results from virus infection (CRISPR spacer 
acquisition) and is therefore dependent on viral density. Also, addition of new CRISPR 
spacers provides a mechanism of resistance where there is little potential for variation in 
cost of resistance. Finally, using CRISPR spacers to assess population dynamics allows 
direct linkage between viruses and resistance profiles which does not rely on inferring the 
importance or expression of cell surface proteins. It should be noted however, that our 
focus on MLSA of shared core gene markers and CRISPR sequences prohibits 
assessment of variation in other resistance mechanisms in S. islandicus that may play an 
additional role in the maintenance of diversity within this population. 
The rapid acquisition of independent CRISPR spacers consistent with our model 
has been shown by Barrangou et al. in laboratory infections of Streptococcus sp. In that 
study, when the host is challenged by one virus, multiple resistant hosts are found, each 
with different spacers that give immunity to the same virus (Barrangou et al. 2007). 
Therefore, when differing immunities to the same virus are present in a population, one 
virus would not be able to cause a sweep of a single resistant genotype in the population 
that would result in a loss of diversity. Our data shows that independently acquired 
CRISPR spacers match one another and presumably the same virus, supporting the idea 
that resistance to the same virus occurs independently in different strains in the same 
population. Since most of these spacer to spacer matches are between strains that are not 
related by CRISPR spacer arrays, CRISPR spacers, far from promoting sweeps that 
remove diversity, actually promote diversification among strains within a population. 
Our proposal that diversity is maintained through clonal interference among 
independently acquired CRISPR variants depends upon there being a fitness advantage to 
resistance and consequent cost of viral infection. However, both lytic and non-lytic 
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viruses infect Sulfolobus species (Prangishvili and Garrett 2005; Bize et al. 2009). 
Therefore, in order to understand how microbial diversity is shaped by CRISPR 
immunity, it will be important to consider the diverse array of virus-host interactions 
when developing future models. 
 
Methods 
Strain isolation and DNA extraction 
Sulfolobus islandicus strains from hot spring M.16, located in the Mutnovsky 
Volcano region of Kamchatka, Russia were isolated and DNA was extracted as in 
Whitaker et al. (Whitaker et al. 2003). Two S. islandicus strains were previously isolated 
and sequenced (Reno et al. 2009). Thirty-seven additional isolates from the M.16 hot 
spring, previously described as hot spring B, were isolated, thirty-one of which were used 
in the previous study (Whitaker et al. 2005). All strains went through three additional 
rounds of colony purification on solid media to ensure purity. Seven slightly different 
methods of isolation were used on these strains (see Table 3.2), however ANOVA does 
not find any significant difference in MLSA types from each type of isolation (p=0.13). 
 
MLSA 
MLSA loci and primer sequences are listed in Table 3.3. Loci were selected from 
S. islandicus core genes (Reno et al. 2009) to be evenly distributed around the genome 
and to maximize SNPs in the Mutnovsky genomes. All loci were amplified by PCR in 28 
ul reactions with 6 uL 5X Green GoTaq Reaction Buffer (Promega), 2 uL 25 mM MgCl2, 
0.14 uL 0.2 mM dNTP, 0.5 uL of each 10 uM primer, and 0.14 uL 5 U/uL GoTaq DNA 
Polymerase (Promega). PCR conditions for all loci were as follows: 94°C for 5 min, 30 
cycles of 94°C 30 sec, annealing temperature (Table 3.3) 75 sec, 72°C 90 sec, and a final 
incubation at 72°C for 5 min. PCR products were sequenced with the forward primer at 
the Core DNA Sequencing Laboratory (Roy J. Carver Biotechnology Center, University 
of Illinois at Urbana-Champaign). Sequences were deposited in GenBank, and accession 
numbers (HQ123504-HQ123546) are listed in Table 3.4. Nucleotide sequences for the 
MLSA markers were automatically aligned with T-coffee (Notredame et al. 2000) and 
manually inspected with MacClade (Maddison and Maddison 2005). The phylogeny was 
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inferred using a concatenated (all loci) alignments under Maximum Parsimony with 
PAUP* 4.0b10 (Swofford 2003). Heuristic search was performed by 10 random addition 
sequence replicates. Non-parametric bootstrapping (Felsenstein 1981) was conducted 
with 1000 replicates of 10 random addition sequence replicates. Unique alleles were 
assigned to sequences that contain one or more nucleotide polymorphisms from the 
dominant allele. Recombination to mutation ratio (r/m) was estimated using a model of 
coalescence with gene conversion implemented in the Clonal Frame software V.1.1 
(Didelot and Falush 2007). r/m values were taken from the convergence values of two 
runs of 250,000 iterations each with a burnin chain of 100,000 iterations. 
 
CRISPR PCR amplification 
Primers to amplify the CRISPR loci were designed by genomic comparison of the 
CRISPR region of strains of S. islandicus from the Mutnovsky Volcano region of 
Kamchatka, Russia (Held and Whitaker 2009) and recently sequenced genomes 
(unpublished data). These primers are AB1f (5’TCCCGGGTTTAGTAGGGAGTGA 
AA), AB1r (5’CCATACGGCTTCCCTAGATTTAGATT), A1.2r (5’CATCAACAGTT 
AGCGGAAGTGAGG), A1.2f (5’GGGAGGTAGGGTGTTGTCCTAAA), ABrU 
(5’TCCCACCCTCATGCTGGAATTCTT), and 16.43.AB1r (5’GGAATGGGAATTGC 
TGAAATAGCG) to amplify the AB1 locus. Primers AB2f (5’CTAGTTGCTTCCATTA 
AGTCGCTC), AB2r (5’TCCCGGGTTTAGTAGGGAGTGAAA), A2.2f (5’TGCCTTG 
TCTCATTAATGCGCGG), and A2.2r (5’GGGAGGTAGGGTGTTGTCCTAAA) were 
designed to amplify the AB2 locus. CDr (5’CGGTCACATGAGGAGTAAAGGA), CDf 
(5’CGTCCCATCACTTGCTTTGAGCAT), CDf3 (5’TTGAATGAGGCTTACCGGAA 
GGGA), and CDr3 (5’TTAGGCCCAGAAGGGAACCATCAA) were designed to 
amplify the CD locus. 
All loci were amplified by PCR in 20 ul reactions with 4 ul 5x Phusion HF 
Buffer, 200 uM dNTP, 0.5 uM primer, and 0.02 U/ul Phusion DNA Polymerase 
(Finnzymes). PCR conditions for all loci were as follows: 98°C for 30 sec, 30 cycles of 
98°C for 30 sec, annealing temperature (depending on primer set) for 10 sec, 72°C for 2 
min 30 sec, and a final incubation at 72°C for 5 min. The various primer sets amplified at 
the following annealing temperatures: AB1f/AB1r at 57°C, AB1f/16.43.AB1r at 57.5°C, 
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AB1f/ ABrU at 64°C, A1.2f/A1.2r at 59.2°C, AB2f/AB2r at 53–57°C, A2.2f/A2.2r at 
58.5°C, CDf/CDr at 51–57°C, CDf3/CDr at 55°C, and CDf3/CDr3 at 54°C. PCR 
products were sequenced with both forward and reverse primers at the Core DNA 
Sequencing Laboratory (Roy J. Carver Biotechnology Center, University of Illinois at 
Urbana-Champaign). Sequences were deposited in GenBank, and accession numbers 
(HQ198372- HQ198558) are listed in Table 3.5. 
 
CRISPR spacer identification and comparison 
CRISPR PCR products were sequenced as with MLSA amplicons and manually 
trimmed and checked for sequencing errors using Sequencher 4.9 (Gene Codes, Ann 
Arbor, MI, USA). Individual spacers were removed from the sequences by manually 
extracting the sequence between the repeats sequences: the A repeat is GATAATCTACT 
ATAGAATTGAAAG and the C repeat is GATTAATCCTAAAAGGAATTGAAAG. 
Spacers were grouped according to the ends of the loci they came from, and BLASTN 
(Altschul et al. 1997) with E < 0.001 was used to find 100% spacer matches. Strains were 
grouped within each locus as being ancestrally related if spacers in the array matched 
each other in the same spacer context (multiple identical spacer matches in a row, 
allowing for some spacer loss). The results are interpreted manually and shown in Figure 
3.3 by colored boxes and vertically aligned ancestrally identical spacers. Spacers were 
compared to one another for non-ancestral matches in Sequencher 4.9. Assembly 
parameters of 88% minimum match with 17 bp minimum overlap were used to define 
unique spacers and resulting contigs were spacer-spacer matches. This allows a 
maximum of 4 SNPs per pair. 
Spacers were compared to a database of Sulfolobus genome, virus, and plasmid 
sequences. This database included all Sulfolobus genome, virus, and plasmid sequences 
found on the Sulfolobus Database (http://dac.molbio.ku.dk/dbs/Sulfolobus/cbin/mutagen. 
pl –01/01/10), plus the Sulfolobus islandicus genomes of L.S.2.15, L.D.8.5, M.14.25, 
M.16.4, M.16.27, Y.G.57.14, Y.N.15.51 (Reno et al. 2009), and U.3.28 
(http://www.jgi.doe.gov). Spacers were blasted against this database using BLASTN with 
parameters r = 1, q = -1, G = -4 and significant matches were E < 0.001. 
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Rarefaction 
Rarefaction curves were constructed using Mothur (Schloss et al. 2009) with 
default parameters. The MLSA rarefaction curve was constructed with the same 
concatenated nucleotide alignment used for phylogeny, while the CRISPR rarefaction 
curve was constructed based on the colored representation of the CRISPR loci spacer 
arrays. Spacers in each vertical position were given a letter code to represent the color, so 
that identical spacers in each column had the same code, which differed from the code 
given to different spacers in that column. 
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Figures and Tables 
 
Figure 3.1. Core gene phylogeny and MLSA allelic profiles compared to CRISPR spacer 
types. (A) A Maximum Parsimony phylogeny of a concatenated nucleotide alignment of 
12 loci (6684 bp) from 39 S. islandicus isolates from a single hot spring in Mutnovsky. 
Scale bar represents eight nucleotide changes. Numbers above branches represent 
bootstrap support from 1000 replicates. The large group of strains with nearly identical 
MLSA sequences at core gene loci is highlighted in blue. (B) The allelic profiles of 
MLSA loci show the number of SNPs in comparison to strain M.16.19, and the 
background color in each cell indicates the allele type for each locus. (C) The three 
colored summary bars to the right of the allelic profiles indicate ancestral groupings of 
each CRISPR locus by shared spacers as in Figure 3.3. ‘X’ indicates a CRISPR locus is 
not present and ‘NA’ indicates that a locus could not be sequenced. 
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Figure 3.2. Rarefaction curves of MLSA and CRISPR sequences. Rarefaction curves of 
(A) the concatenated nucleotide alignment of 12 MLSA loci and (B) the concatenated 
coded CRISPR spacer arrays from 39 S. islandicus isolates from a single hot spring. The 
number of isolates (X-axis) is plotted against the number of OTUs (Y-axis) determined 
by the level of divergence for each line (for A, unique, distance, > 0.0049, and distance of 
0.01 and for B, unique, distance of 0.05, and distance of 0.5). 
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Figure 3.3. 
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Figure 3.3. (continued) 
Summary of the CRISPR spacers end sequences in 39 S. islandicus strains. (A) A 
schematic of the CRISPR region of reference genome M.16.27 (Reno et al. 2009). 
Rectangles represent each CRISPR repeat-spacer locus. Core and CRISPR associated 
(cas) genes are indicated by grey and blue arrows respectively. A red arrow indicates a 
transposon insertion. The reference genome M.16.27’s CRISPR loci are named on the 
CRISPRdb website (Grissa et al. 2007) as NC_012632_1 (C), NC_012632_1 (A1), and 
NC_012632_1 (A2). The reference genome M.16.4’s CRISPR loci are named 
NC_012726_1 (A1) and NC_012726_1 (A2). (B) The color-coded CRISPR spacer arrays 
from left to right are the C locus, the A1 locus, and the A2 locus, as in (A). The S. 
islandicus strains are listed from top to bottom in the same order as in Figure 3.1. Each 
box represents a CRISPR spacer, with the spacer positions numbered at the top of the 
column. The leader end spacers are oriented on the left of each locus while the trailer end 
spacers are oriented on the right of each locus. Identical spacers in the same spacer 
context are vertically aligned and given the same color in the column of boxes. White 
boxes represent missing data and a line through a white box indicates a gap. • in boxes 
represents independent acquisitions of the same virus or plasmid and D represents spacers 
that match a different part of the same virus. 
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Figure 3.4. Primer design and implementation. Primer design schematic (A) and table of 
primer sets and temperatures used for each strain at each CRISPR locus (B). In (A), 
primers are shown by their position on the reference genome M.16.27, with the head of 
the arrow matching the 59 end of the primer. Arrows above the schematic indicate the 
approximate location of primers on M.16.27 while arrows below the schematic indicate 
primers designed on other fully sequenced genomes or PCR products that do not match 
sequence in M.16.27. In (B), the primer pair used for each locus is listed, with annealing 
temperature used if multiple temperatures are used for that primer pair. ‘X’ and ‘NA’ as 
in Figure 3.1. Sequenced refers to those strains that were fully sequenced and CRISPR 
spacer sequences were determined without PCR. 
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Figure 3.5. Genotype rank abundance graph of concatenated core and CRISPR end 
sequences. A genotype rank abundance graph with strains grouped by MLSA core 
genotypes (black) and CRISPR spacers (grey, by ancestral groupings, as in Figure 3.1). 
Groups were ranked by the number of isolates in each and plotted from largest (left) to 
smallest (right). 
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Figure 3.6. Examples of signatures of independent spacer acquisitions. (A) Spacer pair 
number 5 from Table 3.1 shows an example of an offset match with no single nucleotide 
polymorphisms (SNPs). (B) Spacer pair number 18 from Table 3.1 shows an example of 
a match of different length spacers. (C) Spacer pair number 31 from Table 3.1 shows an 
example of an offset spacer match with two SNPs. * indicates a shared base between the 
two spacers. All matches are listed in Table 3.1. 
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Table 3.1. Pairs of independently acquired spacers match the same virus or plasmid. 
Each spacer pair is numbered and spacer names are given as an isolate number followed 
by a locus position number as in Figure 3.3. In the case of a spacer being ancestrally 
identical to other spacers, the first (top) spacer from Figure 3.3 is listed here, though all 
spacers have a • in Figure 3.3. * indicates spacer pair from isolates with similar CRISPR 
arrays. 
 
77 
 
Table 3.2. Isolation methods for S. islandicus isolates. Isolates are listed with their 
isolation method. There are seven different isolation methods that yielded colonies: DT 
(dextrin and tryptone) spread plate as described in (Whitaker et al. 2003); DT overlay 
plate containing DT media plus an overlay of 0.002% Gelrite (Sigma), 0.002% K2SO4, 
and 0.002% L-glutamic acid; DTS spread plate containing standard DT media plus an 
overlay of 0.006% Gelrite and 0.002% colloidal sulfur; DTS overlay plate containing 
DTS plus additional overlay described above. 1:50 indicates a 1:50 dilution of sample 
prior to plating. 
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Table 3.3. MLSA primers. MLSA loci and primers listed with annealing temperature (T) 
and length of amplicon. * indicates loci used in (Whitaker et al. 2005). 
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Table 3.4. MLSA sequence allele accession numbers. Allele numbers for each of the 12 
MLSA loci for each strain are shown in the table on the left. Locus marker codes 
correspond to Table 3.3. MLSA loci are listed with each allele and accession number in 
the table on the right. 
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Table 3.5. CRISPR loci accession numbers. Accession numbers for CRISPRs are listed 
by strain and locus. The first number at each locus corresponds to the leader end 
sequence and the second number corresponds to the trailer end. ‘NA’ and ‘X’ as in Figure 
3.1. The CRISPR_id from the CRISPRdb website (Grissa et al. 2007) is shown for 
M.16.27 and M.16.4. 
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Chapter 4: Viruses and variable genes 
in Sulfolobus islandicus* 
 
Abstract 
All comparisons of closely related genomes uncover variable gene content.  
Called disposable, accessory, and transitory, the adaptive function of these variable genes 
is unknown. Through a comparative genomic analysis of seven strains of Sulfolobus 
islandicus from multiple geographic locations, we identified proviruses that include the 
previously isolated and sequenced Sulfolobus spindle-shaped virus as well as novel 
integrated viruses in the genomes. Base on the distributions of genes among these seven 
genomes, we identified patterns of independent gene gains of similar viruses and 
plasmids and differential loss of genes that were originally in a common ancestor to the S. 
islandicus strains. When we compared the genomes of twelve S. islandicus strains from a 
single hot spring in Kamchatka, Russia, we found that the pattern of shared variable 
segments was consistent with higher levels of gene flow within each of two coexisting 
groups than between them. We also identified and described two variable segments with 
functional annotations that are exclusively in one group. We hypothesize that the variable 
regions are responsible for the ecological differentiation of the two sympatric species.  
  
Introduction 
Comparative genomics of closely related strains has demonstrated large amounts 
of variation in gene content. Genes that are only present in some members of a species 
are known as variable genes, while genes present in all members of a species are known 
as core genes. Together, the core genes and variable genes of a species make up its pan-
genome (Tettelin et al. 2005; Lefebure and Stanhope 2007). The pan-genome is the total 
                                                 
*
 Portions of this chapter have been published previously:  
Reno, M. L., N. L. Held, et al. (2009). "Biogeography of the Sulfolobus islandicus pan-genome." 
Proceedings of the National Academy of Sciences of the United States of America 106(21): 8605-8610. 
Cadillo-Quiroz, H., X. Didelot, et al. (2012). "Patterns of gene flow define species of thermophilic  
archaea." PLoS Biology 10(2): e1001265. 
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genetic repertoire available to an organism, and is influenced by both gene gain and loss.  
Genes are lost from individuals through deletion and can be gained through horizontal 
gene transfer, which includes viruses and plasmids. Therefore, horizontal gene transfer of 
viruses and plasmids is important in shaping variation within species (Canchaya et al. 
2003; Weinbauer and Rassoulzadegan 2004; Coleman et al. 2006). For example, one 
study reports that a quarter of all microbial genomes contain one or two proviruses 
(viruses integrated into the host genome) (Casjens 2003). However, identifying integrated 
elements can be problematic because many viruses and plasmids remain unsequenced, 
and therefore unknown. Typical similarity searches of microbial genes result in matches 
to hypothetical genes or in no matches at all, and likely depress the actual number of 
prophages in archaeal and bacterial genomes. 
Microbial gene variation is believed to be evolutionarily advantageous (Arnold et 
al. 2008; Wiedenbeck and Cohan 2011). For example, in Lactobacillus salivarius, a 
species that is part of the GI tract microbiota, many strains contain a megaplasmid with 
genes shown to be involved in adapting the strain to survive (Claesson et al. 2006). In 
many pathogenic species, there are variable clusters of genes known as pathogenicity 
islands that confer a pathogenic phenotype on the organism, and transfer of such an 
island can transform a benign organism into an invading pathogen (Groisman and 
Ochman 1996).  
Here, through a comparative genomic analysis of seven strains of Sulfolobus 
islandicus from multiple geographic locations, we identified proviruses as well as 
patterns of independent gains and differential loss in the variable genes.  When we 
compared the genomes of twelve S. islandicus strains from a single hot spring in 
Kamchatka, Russia, we found that the pattern of shared variable segments was consistent 
with higher levels of gene flow within each of two groups of strains than between them, 
and we hypothesize the variable regions are responsible for ecological differentiation 
between the two coexisting species.  
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Results 
Variation and integrated elements among geographically distant S. islandicus strains 
 In order to identify integrated elements that differentiate strains of Sulfolobus 
islandicus, we first compared seven fully sequenced genomes from three different 
populations: three genomes from Kamchatka, Russia, two genomes from Yellowstone 
National Park (YNP), USA, and two genomes from Lassen National Park (LNP), USA. 
Comparison of these genomes revealed that 2,169 genes were core genes (present in all 
strains). The core gene phylogeny shown in Figure 4.1 demonstrates a biogeographic 
pattern where strains were grouped by geographic location e.g., the YNP strains grouped 
closest to one another, and closer to the LNP strains than to the Kamchatka strains. 
Presence and absence of the variable genes (Figure 4.1) also fit the biogeographic 
structure, indicating genes were shared according to their geographic location.  
 Though the primary variable gene pattern matched that of the core genome 
phylogeny, about 30% of the variable genes showed alternate patterns. For example, 
clusters containing genes found in both strains from LNP and in M.16.4 could either 
result from 2 gene gains (LNP and M.16.4) or 2 gene losses (YNP and M.16.27/M.14.25 
common ancestor). Because independent gain of the same genes by different populations 
could indicate their linkage to a common gene pool, these genes were investigated in 
detail by mapping them onto their genome context, as shown for L.S.2.15 in Figure 4.2. 
Two primary patterns were revealed, both consistent with biogeographical differentiation.  
One pattern is composed of sets of genes that fall into regions of the genome 
containing virus and plasmid homologs to other mobile elements from other Sulfolobus 
species (Figure 4.2, ring 2). Genes from these clusters were found in different locations in 
each genome and showed no consistent gene order when shared between strains. The 
average nucleotide identities within each of these clusters were significantly more 
divergent than the core genome, indicating a different evolutionary history from the core 
genome. Therefore, we inferred these genes to result from the independent strain-specific 
integration of different mobile elements that share a small number of divergent genes. To 
determine the relationships among integrated genetic elements, we constructed 
phylogenies for all clusters with four or more members with at least two from a single 
population. In the majority of these individual phylogenies, gene sequences were grouped 
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by geographical location. These data provide further evidence for the distribution of 
mobile elements consistent with biogeography. 
The other pattern is due to differential loss of genes that were present in a 
common ancestor of all of the S. islandicus strains. In this pattern, gene regions are 
highly conserved in nucleotide sequence, gene content, and gene order, and they also do 
not match virus and plasmid sequences. Therefore, they are unlikely to result from recent 
mobile element integration and instead represent differential loss of genes. The sets of 
genes contributing to this second pattern are primarily localized to a highly variable 
portion of each genome (Figure 4.2, ring 4) that averages 695 kbp in length and begins 
approximately 300 kbp from the origin in each strain (except in Y.N.15.51, which has a 
large inversion). The majority of the lost genes had no matches to the National Center for 
Biotechnology Information (NCBI) nonredundant database. This pattern is similar to that 
recently described in other bacteria in which groups of ‘‘ORFan’’ genes (Daubin and 
Ochman 2004; Lundgren et al. 2004) that were presumably acquired by horizontal gene 
transfer are being degraded over time (van Passel et al. 2008). 
The remaining clusters whose distributions could be determined by parsimony 
were not associated with plasmid or virus homologs or linked to core genes. This set was 
primarily localized to the variable region of the genome, which contains many small 
inversions and rearrangements, preventing the use of synteny to identify genome 
dynamics. A majority of the clusters shared between strains from different populations 
had different BLAST matches to the NCBI nonredundant database, and were therefore 
designated as differential gains of divergent gene cassettes from different sources. Many 
of these sets of genes are associated with the CRISPR/cas system. The fact that divergent 
CRISPR-associated gene cassettes were gained multiple times by different populations 
and were found in highly variable regions of the genome suggests the rapid evolution of 
this putative immune system (Simmons et al. 2008). 
Next, we sought to address the nature of the variable genes. In order to identify 
integrated elements, bidirectional best hits was used to compare the gene content and 
synteny of the seven genomes. Breaks in syntenous bidirectional best hits where a single 
genome contained a group of genes not found in all genomes indicated an integrated 
element. Integrated elements were compared to NCBI’s GenBank for similarity to 
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sequenced viruses. One known virus found once in each location and in roughly half of 
the genomes (L.S.2.15, Y.G.57.14, and M.14.25) is Sulfolobus spindle-shaped virus 
(SSV). The other integrated elements may have matched a gene or two, or had a similar 
integrase fragment, but were otherwise unique. We named them NV for novel virus (see 
Table 4.1). There was at least one NV per genome, and L.S.2.15 had the most proviruses, 
with five novel integrated viruses and one SSV. These viruses varied in size from about 6 
kbp to 20 kbp. 
Confirming that the viruses identified are of extrachromosomal origin, CRISPR 
spacer sequences from the S. islandicus strains matched the SSV and NV sequences. 
Table 4.2 shows the virus and plasmid sequences that CRISPR spacers from the same 
seven genomes matched at 100% identity. None of the spacers matched identically to an 
integrated element in its own genome, which makes sense in light of the immunity 
function of the CRISPR system.  
Figure 4.2 shows the locations of viruses and plasmids around the genome of one 
of the S. islandicus strains (2
nd
 ring from the outside). For each strain, they appear to be 
distributed throughout the genome, though, interestingly, few are located in the region of 
the genome where most of the variable genes are concentrated (large amount of dark grey 
on the outermost ring on the far right of the circle). This could be because they integrate 
at specific spots in the genome, such as in a specific tRNA, as is shown to be the case 
with SSV (Wiedenheft et al. 2004). 
 
S. islandicus strains from a single time and place show variation in integrated elements 
We examined the variable segments of the twelve S. islandicus genomes from a 
single hot spring in order to determine whether differences in gene content between two 
coexisting groups could be responsible for their ecological differentiation. We have 
shown that, in the M.16 hot spring, two different groups of strains coexist while 
differentiating, due to higher levels of recombination and gene flow within the groups 
than between them (Cadillo-Quiroz et al. 2012). Figure 4.3 shows a genealogy of the core 
regions of the twelve strains. The Blue strains and the Red strains group separately from 
one another, where the Orange strains sometimes cluster with Blue and sometimes cluster 
with Red (see Figure 4.3 for color group assignments).  
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The majority of variable gene content in these strains is consistent with gene flow 
within but not between the Blue and the Red groups. Again, we were interested in the 
nature of the variable genes in these genomes. Using a ProgressiveMauve alignment of 
the twelve genomes, we examined all of the regions not identified as core regions. We 
defined variable segment boundaries where core regions greater than 5 kbp were located. 
This resulted in an average of 60 variable segments per genome. Variable gene segments 
smaller than 5 kbp in length or containing less than half variable gene segments were 
excluded from analysis because the majority result from insertion elements. This resulted 
in a total of 48 variable segments in the twelve genomes (Table 4.3). Only nine (19%) of 
these groupings are not consistent with gene flow only within groups, and of these, six 
contain cas genes, shown to move between genomes at a relatively high rate (see Chapter 
6). 13 (27%) map to a single genome, while 17 (35%) map to a single or multiple whole 
groups (Blue, Red, and/or Orange). 
13 (27%) of these either match known Sulfolobus viruses and plasmids or are 
bound by an integrase and are therefore called proviruses or plasmids. Only two of these 
do not fit the topology. One of these is a 15 kbp segment that contains virus-like genes. It 
is present in part of the Blue group (M.16.27, M.16.46, and M.16.13) and in M.16.02 and 
the sequences between the two groups have 87-97% ID over 60% of the length of the 
insertion, indicating they are from two independent integration events of a similar mobile 
element. The second segment is present in both the Orange group and M.16.46 with 
99.9% identity and 100% coverage. This could also be two independent insertions, but of 
the same virus or plasmid. 
We identified four contiguous segments in which more than half of the genes are 
shared exclusively by all members of a group (Table 4.3). Two of these, both shared by 
the Blue group, contain genes of unknown function (1 and 3, Table 4.3), with one of them 
having signatures of being an integrated plasmid fragment (1, Table 4.3). Two additional 
segments, one in each group, with functional annotations, were identified (2 and 4, Table 
4.3). The first island (2, Table 4.3), present only in the Red strains, contains six subunits 
(TmoA αβ, B, C, D, and E) and three accessory proteins of a putative Toluene-4-
monooxygenase system. This region is present in many previously sequenced strains of S. 
islandicus (Reno et al. 2009) and was probably lost by the Blue group after its divergence 
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from the Red group. The Blue strains share an island of four subunits (a, b, d, and c) of a 
putative respiratory nitrate reductase system (4, Table 4.3). Active nitrate reductases have 
been observed in other archaea (Volkl et al. 1993) but not in Sulfolobales, while a 
putative monooxygenase operon, similar to that in the Red group, was reported to be 
active in S. solfataricus (Notomista et al. 2003). 
 
Discussion 
 We used comparative genomics to identify and examine integrated elements and 
their distribution in two different groups of strains. Because of the comparative analysis 
used, we were able to identify novel proviruses in the genomes that have no matches to 
viruses currently in NCBI’s nr database. Given the difficulties inherent in isolating 
viruses from the environment, comparative genomics could be a key method involved in 
filling out the databases with virus and plasmid sequences. 
Interestingly, many of the variable segments identified in the seven S. islandicus 
genomes were shared in groups of strains that match the core genome phylogeny. These 
variable regions of the genomes are indicative of a spatially structured pan-genome for S. 
islandicus, which means that there is little gene flow between the geographically isolated 
populations. We previously showed that viruses that infect Sulfolobus show a similar 
biogeographic pattern to the one seen here in the host (Held and Whitaker 2009), so 
viruses are not acting as agents of gene transfer, at least not between the populations. 
The two groups seen in the core genes of the strains within the M.16 hot spring 
from Kamchatka, Russia shows that S. islandicus strains do not need physical barriers in 
order to differentiate. This strongly suggests a role for the gene content in the two groups. 
Over 80% of the variable segments in these genomes are consistent with gene flow 
restricted to within the groups. Many of the segments contain unknown content, but 
roughly a quarter of them are viruses and plasmids. The fact that the viruses and plasmids 
are not seen across the groups indicates that the insertions are old and occurred in an 
ancestor within each group, or that the two groups have differentiated enough that they 
can no longer even be infected by the same viruses. Though many of the segments may 
contain degrading content, some of them must contain functionally active and 
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ecologically relevant genes that enable the two groups to occupy different ecological 
niches in the same hot spring.  
 Viruses can act as agents of gene transfer, and we have shown here that they are 
part of the S. islandicus variable genome. If certain genes are adaptively beneficial to the 
host, they may cause the host to proliferate and possibly even move into a new ecological 
niche. Given enough time, this would lead to speciation, which may be occurring 
between the Blue and Red groups.  
 
Methods 
Clustering and phylogenetic analysis 
For the seven S. islandicus strains (L.D.8.5 and L.S.2.15 from Lassen National 
Park, USA; M.14.25, M.16.4, and M.16.27 from Kamchatka, Russia; and Y.G.57.14 and 
Y.N.15.51 from Yellowstone National Park, USA), ORFs were grouped into homologous 
clusters by Markov clustering of sequence similarity using MCL v1.006 clustering 
(Enright et al. 2002). Nucleotide sequences for each cluster were aligned with T-Coffee 
v5.56 (Notredame et al. 2000). Paralogs clustered by MCL were manually split into 
independent clusters. A phylogeny based on nucleotide alignments was inferred for the S. 
islandicus concatenated core genes under maximum likelihood and bootstrapped in 
PAUP* v4b10 (Swofford 2003).  
 
Bidirectional best hits and integrated element identification 
 For the seven S. islandicus strains, the amino acid sequences of the genes from 
each genome were compared pairwise for all pairs using BLASTP (E < 10
-5
, -F f). For 
each gene, the best hit in the other genome is identified, and if that gene’s best hit is the 
gene in the first genome, then the two genes are bidirectional best hits. The bidirectional 
best hits between two genomes were compared for synteny. Breaks in syntenous 
bidirectional best hits indicated an insertion when one genome contained genes with no 
bidirectional best hits in the other genome, surrounded on both sides by syntenous 
bidirectional best hits. 
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 BLASTP (E < 10
-5
, -F f) was used to compare genes identified as integrated 
elements to NCBI’s nr database. Integrated elements bigger than 5 kbp that did not 
contain plasmid genes were hypothesized to be viruses and compared in this study. 
 
ClonalFrame genealogy 
Core genomic regions were identified using the ProgressiveMauve algorithm 
(Darling et al. 2010) on the set of twelve M.16 genomes (M.16.02, M.16.4, M.16.12, 
M.16.13, M.16.22. M.16.23, M.16.27, M.16.30, M.16.40, M.16.43, M.16.46, and 
M.16.47). The alignment contained regions either shared among all genomes, shared by a 
subset, or unique to one genome. The blocks shared by all genomes were split where gaps 
of more than 20 alignment positions were found. The core region was then analyzed 
using ClonalFrame with default parameters (Didelot and Falush 2007). Runs of 10,000 
iterations were found to have reached convergence based on between-run comparisons. 
The clonal genealogy reconstructed by ClonalFrame is shown in Figure 4.3. 
 
Core and variable segment identification 
For the set of twelve M.16 genomes, the non-core regions identified by Mauve 
were used to indentify variable segments in the genomes. These were further examined 
manually. Boundaries of variable segments were defined where core regions of greater 
than 5 kbp were located. Variable gene segments smaller than 5 kbp in length or 
containing less than half variable gene segments were excluded from analysis because the 
majority result from insertion elements. It must be noted that smaller segments excluded 
from analysis may still contain fragments of previous viral integrations, however we 
chose to limit our analysis to bigger fragments and more complete segments. 
 
Variable segment distribution 
For the set of twelve M.16 genomes, each variable segment was investigated for 
its distribution among the genomes. This allowed us to identify places where multiple 
segments with different distributions were contiguous. Where these fit our exclusion rules 
(defined above) these fractioned segments were manually excluded from further analysis. 
There was one segment per genome that was excluded from analysis due to a complicated 
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pattern of shared and unique content that made segment boundaries very difficult to 
assign. This may have been caused by frequent insertions of mobile elements in this 
region, making the recent, unique boundaries difficult to untangle from the older 
boundaries shared between genomes. In M.16.27, this segment is 74 kbp long and located 
at 997,394 – 1,071,175 in the genome. 
The genome in which each variable segment was longest was compared to each 
other genome in which the segment is present, and the level of nucleotide identity was 
calculated between each of them as the number of matching nucleotides divided by the 
length of the match as reported by BLASTN and averaged over all of the pairs. The 
coverage of the longest segment was also calculated pairwise as with percent identity, 
with the total length of matching nucleotides divided by the length of the longest segment 
and averaged over all pairs. Genes present in the variable segments that separate Blue 
from Red were compared to NCBI’s nr database with BLASTP (E < 0.001, -F f) if they 
were complete in every genome from either Blue or Red and if they were not core genes. 
 
Variable segments compared to sequenced mobile elements 
In order to identify integrated mobile elements for the set of twelve M.16 
genomes, variable gene segments were compared to a database of Sulfolobus mobile 
elements (Brügger 2007) including elements that are integrated into S. islandicus 
genomes (Held and Whitaker 2009; Reno et al. 2009) using BLASTN (E < 0.001,  -F f) 
and to the NCBI nr database using BLASTX (E < 10
-5
, -F f).  
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Figures and Tables 
 
 
Figure 4.1. Maximum parsimony phylogenies inferred from the concatenated core 
nucleotide genome (A) and presence/absence of gene content matrix (B). Numbers above 
each branch correspond to bootstrap support for that node in percentage. *, 100%; >, 
Mutnovsky subpopulation. 
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Figure 4.2. Physical map of genome dynamics for the L.S.2.15 genome. Rings are 
numbered beginning with the outer ring. Ring 1 shows the location of S. islandicus core 
(light gray) and noncore (dark gray) clusters. Ring 2 shows the locations of viral and 
plasmid homologs. Ring 3 shows the location of variable clusters whose distribution 
(gain or loss) cannot be determined by parsimony criteria. Colors represent average pair-
wise nucleotide identity within each cluster, ranging from less than70% to greater than 
95%, as shown in legend to the left. Ring 4 shows designations of gene gain by L.S.2.15 
(red), gene loss by any other strain or group of strains (blue), and multiple events 
(orange) (e.g., gain by North American ancestor followed by loss in L.D.8.5). Innermost 
arcs denote the location of the variable region. 
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Figure 4.3. Phylogenetic relationships among S. islandicus from Kamchatka, Russia. 
ClonalFrame phylogeny based on the core genome alignment of twelve S. islandicus 
strains from hot spring M.16. Blue, Red, and Orange groups of strains are noted. 
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Table 4.1. Proviruses in seven S. islandicus genomes. Viruses are named NV (novel 
virus), or SSV (Sulfolobus spindle-shaped virus). NVs are numbered separately for each 
genome by their order on the genome. Sizes for each provirus are given. 
 
  
genome virus size
L.D.8.5 NV1 20000
NV2 11000
NV3 19700
NV4 7322
NV5 7957
L.S.2.15 NV1 6400
NV2 16956
NV3 14200
NV4 7563
NV5 8275
SSV 15459
M.14.25 NV1 5800
SSV 16677
M.16.4 NV1 11910
NV2 16100
NV3 13993
NV4 6400
M.16.27 NV1 15881
NV2 12500
Y.G.57.14 NV1 6913
SSV 13496
Y.N.15.51 NV1 5900
NV2 8900
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Table 4.2. Integrated viruses or plasmids that are matched 100% by CRISPR spacers. 
Insertion genome, type, and name (as in Table 4.1) are given, as well as the genome the 
spacer(s) reside in. U.3.28 is an S. islandicus strain from the Uzon Caldera in Kamchatka, 
Russia with an incomplete genome sequence, however the SSV provirus was fully 
sequenced and examined for matches by CRISPR spacers. 
 
 
 
  
Provirus/plasmid 
genome
Insertion type - 
name Spacer genome
L.S.2.15 virus - NV4 L.D.8.5, M.16.27
M.14.25 virus - SSV M.16.27 (x2), M.16.4
M.16.4 virus - NV3 M.16.27
Y.N.15.51 virus - NV1 M.16.27
U.3.28 virus - SSV M.16.27
L.D.8.5 plasmid L.S.2.15, M.14.25
M.16.4 plasmid M.14.25
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Table 4.3. Variable genome segments among twelve S. islandicus genomes. 
A
 The 
genome name, and start and stop coordinates in which the variable fragment was the 
longest. 
B
 Average nucleotide identity over the portion of the segment covered by all 
strains that share it. 
C
 Average coverage of the longest segment in the genomes that share 
it. 
D
 v indicates segments that appear to be viruses. pl indicates segments that appear to be 
plasmids. X identifies strains that maintain each segment. 
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Table 4.3. (continued)
 
# startA stopA IDB CC v/plD 27 46 13 23 43 47 30 2 40 4 12 22
1 M.16.43 1328805 1375984 0.99 0.66 pl x x x x x x x
2 M.16.02 332619 350192 1.00 0.93 x x x
3 M.16.12 320292 328621 1.00 1.00 x x x x x x x x x
4 M.16.46 796667 819019 1.00 0.93 x x x x x x x x x
5 M.16.43 2550961 2557440 NA NA x
6 M.16.43 120472 126579 NA NA v/pl x
7 M.16.02 880869 896980 NA NA x
8 M.16.02 1754282 1762523 NA NA v x
9 M.16.02 1937920 1943813 NA NA x
10 M.16.02 2188234 2198254 NA NA x
11 M.16.02 2537225 2542965 NA NA x
12 M.16.40 969022 980837 NA NA x
13 M.16.40 2365461 2412036 NA NA pl x
14 M.16.4 822029 834476 NA NA x
15 M.16.4 697086 711365 NA NA v x
16 M.16.4 847308 861168 NA NA v x
17 M.16.12 944835 953351 0.99 0.80 x x x x x x x x x
18 M.16.27 839346 849937 0.99 0.34 x x x x x x x x x
19 M.16.27 2213323 2220222 1.00 1.00 x x x x x x x x x x
20 M.16.12 1878081 1888617 1.00 1.00 x x
21 M.16.12 2096739 2104716 1.00 1.00 x x
22 M.16.12 1366682 1373298 1.00 1.00 v x x
23 M.16.12 1338064 1349386 1.00 1.00 v x x
24 M.16.12 2416084 2425929 1.00 1.00 x x
25 M.16.12 2642638 2650420 1.00 1.00 x x
26 M.16.12 1829710 1836982 1.00 0.56 x x
27 M.16.02 957285 991364 0.99 0.42 x x x
28 M.16.02 738360 750609 1.00 0.88 x x x
29 M.16.27 849938 882606 1.00 1.00 x x
30 M.16.30 734647 758097 1.00 0.87 pl x x x x x x x x x x
31 M.16.12 2216083 2232767 1.00 0.90 x x x x x x x x x x x
32 M.16.47 1660787 1667368 0.99 0.82 x x
33 M.16.4 1269296 1275302 1.00 1.00 v x x
34 M.16.40 1499314 1543844 1.00 0.98 pl x x
35 M.16.27 1044116 1053984 1.00 1.00 x x x x x
36 M.16.13 346322 361377 0.92 0.82 v x x x x
37 M.16.12 119092 125473 1.00 1.00 v/pl x x x
38 M.16.22 1207826 1214547 1.00 1.00 x x x x x x
39 M.16.43 841751 850437 1.00 0.92 x x
40 M.16.40 879449 887316 1.00 1.00 x x
41 M.16.02 2320203 2330432 1.00 1.00 x x x
42 M.16.4 120438 132320 0.98 0.77 v x x x x
43 M.16.02 397530 454399 1.00 0.88 x x
44 M.16.43 809197 823105 1.00 1.00 x x x x x
45 M.16.30 2570261 2576215 1.00 0.96 x x x x x x
46 M.16.30 847027 863690 0.99 0.92 x x x x x x x x
47 M.16.47 858553 878477 1.00 0.92 x x x x x x x x
48 M.16.43 865762 875997 0.99 1.00 x x x x x x x x x x
Blue Redlongest 
genomeA
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Chapter 5: Multiscale model of 
CRISPR-induced coevolutionary 
interactions* 
 
Abstract 
 The CRISPR (Clustered Regularly Interspaced Short Palindromic Repeat) system 
is a recently discovered type of adaptive immune defense in bacteria and archaea that 
functions via directed incorporation of viral and plasmid DNA into host genomes. Here, 
we introduce a multiscale model of dynamic coevolution between hosts and viruses in an 
ecological context that incorporates CRISPR immunity principles. We analyze the model 
to test whether and how CRISPR immunity induces host and viral diversification and the 
maintenance of many coexisting strains. Hosts and viruses coevolve to form highly 
diverse communities. Existing strains are periodically replaced, such that populations 
have very low similarity compared over the long term. However, in the short term, 
evolutionary dynamics are consistent with both incomplete selective sweeps of novel 
strains (as single strains and coalitions) and the recurrence of previously rare strains. 
Coalitions of multiple dominant host strains are predicted to arise because host strains 
can have nearly identical immune phenotypes mediated by CRISPR defense, albeit with 
different genotypes. This explicit eco-evolutionary model of CRISPR immunity can help 
guide efforts to understand the drivers of diversity seen in microbial communities where 
CRISPR systems are active. 
 
Introduction 
 The CRISPR system is an important mechanism that influences microbial 
population dynamics due to virus-host interactions. However, there are very few studies 
                                                 
*
 Portions of this chapter have been published previously: Childs, L. M., N. L. Held, et al. (2012). 
"Multiscale model of CRISPR-induced coevoutionary dynamics: Diversification at the interface of 
Lamarck and Darwin." Evolution: doi: 10.1111/j.1558-5646.2012.01595.x. 
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that examine the CRISPR system in natural populations. In one study, metagenomic data 
from acid-mine drainage (AMD) was used to probe sequences of two nearly clonal 
populations of Leptospirillum from two nearby locations for CRISPR diversity. 
Comparison between the populations showed that the spacers near the middle of the locus 
were population specific, and that the trailer-proximal spacers were shared between the 
populations, suggesting a past sweep that abolished diversity and allowed a single 
CRISPR type to persist (Tyson and Banfield 2008). This in contrast to our findings in 
Sulfolobus islandicus, where a population from a single time and place showed diversity 
in the spacers at the trailer ends of the CRISPR spacer arrays. We hypothesized that 
CRISPRs maintain strain level diversity in this natural system (Held et al. 2010). 
Similarly, a high level of CRISPR diversity at the local population scale is seen in 
cyanobacterial communities (Heidelberg et al. 2009).  
In order to understand how CRISPRs affect population dynamics in microbial 
populations, we need to explore natural populations over time as well as space. Just one 
study has looked at this to date, using the human mouth to probe for CRISPR diversity in 
streptococcal sequences (Pride et al. 2011). Four human subjects gave salivary samples 
over a 17 month time period. The prevalence of CRISPR spacers was tracked in clone 
libraries made from repeat based PCR of CRISPR arrays, which made it difficult to look 
at whole arrays. When samples were compared within each subject, 7-22% of spacers 
were found to be present at all time points, with 15-75% unique to a single time point. 
The spacers that are shared across time points could be indicative of selective pressure for 
these spacers or of the relative stability of the streptococcal community or its CRISPR 
arrays. This represents the first time scale of CRISPR evolution in any environment, and 
populations look to be quite dynamic over time, with only a small portion of spacers 
present in more than once. 
Because natural populations are incredibly complex, we can turn to theoretical 
models to help elucidate aspects of CRISPR dynamics over time and space in natural 
systems. There are currently only a few theoretical models that examine the effect of 
CRISPR immunity on population dynamics of microbial populations. Levin developed an 
ecological model to addresses the presence of hosts with the CRISPR system in a 
population that also includes other means of resistance (Levin 2010). This is an ordinary 
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differential equations based population dynamics model where there is no diversity of 
strains and though hosts can gain and lose resistance, viruses do not evolve. According to 
the model, depending on the relative fitness of CRISPR immune hosts and envelope 
resistant hosts, one or the other will be more dominant in an environment. This is 
interesting, because current data has shown that about 90% of archaea and only about 
40% of bacteria have been shown to contain the CRISPR system (Grissa et al. 2007). 
This is consistent with Levin’s model, and we would suspect that this is due to the fitness 
advantage provided by the CRISPR system relative to other forms of resistance present in 
each environment.  
While Levin’s model (Levin 2010) explored the presence of the CRISPR system 
in microbial populations, the model by Haerter et al. investigated the coexistence of both 
hosts and viruses when hosts contain the CRISPR system and multiple phages are present 
(Haerter et al. 2011). This is a spatial population dynamics model where hosts and viruses 
spread on a two dimensional lattice. While there are multiple virus types present in the 
system, they do not evolve in the model. Haerter et al. found that as long as there are 
more types of phages than a host can possibly be immune to at once, which is the number 
of spacers possible in the host, then coexistence of host and phages is possible in a 
spatially explicit context. The authors also hypothesize that an environment with high 
phage diversity would lead to hosts with larger CRISPR spacer arrays than an 
environment with low phage diversity. This model incorporates both time and space, two 
key factors in natural microbial population dynamics. 
Neither of the previous two models specifically incorporated CRISPR spacers and 
the evolution of the spacer array. The ordinary differential equations population dynamics 
model by He and Deem is based on immunological models of viruses and T-cells, and 
includes evolution of the host through addition of spacer sequences and evolution of the 
virus through protospacer mutation (He and Deem 2010). The authors sought to 
determine why the leader ends of CRISPR spacer arrays are more diverse than the trailer 
ends in comparisons of closely related strains, a phenomenon seen in natural microbial 
populations (Cui, Li et al. 2008; Tyson and Banfield 2008; Held, Herrera et al. 2010; 
Rezzonico, Smits et al. 2011). Based on the model, He and Deem proposed that certain 
spacer arrays are selected for based on their effectiveness against viruses in the 
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environment. The newer, leader end spacers showed a somewhat random sampling of 
viruses in the environment, while the older, trailer end spacers were those that match 
dominant viruses, and only strains with this subset of spacers survived. 
The most recent theoretical model explored whether the low trailer end diversity 
of the CRISPR spacer array, as seen in the He and Deem model (He and Deem 2010), 
would necessarily result in a selective sweep that completely removed all trailer end 
diversity (Weinberger et al. 2012). Weinberger et al. developed a population genetics 
model that included both host (spacer) and virus (protospacer) evolution to see whether 
the selective sweeps proposed to occur in the AMD system (Tyson and Banfield 2008) 
are predicted to regularly occur. They found that, given enough time, trailer end diversity 
is lost because no matter how rare the sweeps are, once they occur, diversity can never be 
regained. Interestingly, Weinberger et al. also investigated the role of random spacer 
deletion in trailer end diversity. They found that low levels of spacer deletion gave 
similar results to when there was no deletion, but that high levels of deletion resulted in 
short spacer arrays that were essentially all leader end and contained high levels of 
diversity. 
We sought to expand upon these models by developing an ecological evolutionary 
theoretical model to ask whether populations of microbes with CRISPR immunity will be 
subject to periodic sweeps, as in both the AMD system and model (Tyson and Banfield 
2008; Weinberger et al. 2012), or maintain CRISPR level diversity, as we have seen 
previously in S. islandicus (Held et al. 2010). We predict, based on our model, fluctuating 
virus-host dynamics in which there is a constant emergence of hosts to dominance, once 
the previously dominant have been successfully infected by viruses. Over the short-term, 
we see three types of evolutionary dynamics that drive changes in the host population: (1) 
dominance of a new strain with CRISPR immunity to dominant viruses; (2) dominance of 
a rare strain that had been dominant in the population previously; (3) coalitions of 
multiple strains that have similar immunity to dominant viruses. At any given time in the 
model, host immunity is provided mostly by the spacers at the leader end of the CRISPR 
spacer array. 
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Results 
Model 
The model utilizes a multi-scale approach to combine density-dependent 
ecological dynamics with evolutionary changes informed by the molecular rules of 
genomic change associated with the CRISPR system. This model is different from those 
previously described in that it examines the coupling of the coevolutionary dynamics of 
virus-host interactions with density-dependent ecological dynamics. For a more detailed 
description of the model, see the complete paper by Childs et al. (Childs et al. 2012). 
Briefly, the coevolutionary model has three components: molecular, ecological, and 
evolutionary (Table 5.1). The molecular component incorporates the CRISPR immune 
system and determines whether, upon viral infection of a host, the host dies, the virus 
infects successfully, or the host acquires a CRISPR spacer (Figure 5.1). A host strain 
becomes a new host strain upon acquisition of a new spacer and a virus becomes a new 
virus strain upon mutation of a protospacer. The value of the spacer acquisition parameter 
is based on rates determined in Streptococcus thermophilus and a CRISPR failure 
parameter is also used (Barrangou et al. 2007). The ecological component determines at 
what rates hosts reproduce and die, and viruses infect and die. The values used for 
parameters in this part of the model, including growth rate, carrying capacity, burst size, 
adsorption rate, and viral decay rate, are modeled after infections of Escherichia coli and 
its phages (De Paepe and Taddei 2006). The evolutionary component determines how 
often new host and virus strains are introduced and their genetic states, i.e. their set of 
CRISPR spacers or protospacers, and the parameters used are mutation rate and density 
cutoff. Simulations start with a single host without any spacers and a single virus that can 
therefore infect that host. 
 
Host and virus diversification 
 Hosts and viruses rapidly reproduce and diversify after the start of the simulation. 
In a model where hosts have a maximum of 8 spacers and viruses have 10 protospacers, 
hosts rapidly acquire spacers and fill up the CRISPR spacer array, in about 750 
generations. Initially, for about the first 50 generations, while the spacer array is filling, 
both host and virus oscillate dramatically in population density (Figure 5.2A). The 
111 
 
diversity of strains also increases dramatically at the beginning, and for the virus it stays 
high, but for the host, it decreases again before the CRISPR spacer array is full (Figure 
5.2B). 
 Though both host and virus diversity is maintained over the course of the 
simulation, strain composition changes throughout the simulation. The Morisita-Horn 
similarity index (Ψ) (Wolda 1981) compares the similarities of communities at two time 
points and is shown here for all pair-wise comparisons of recorded time points in a single 
simulation for the hosts (Figure 5.3). Ψ is zero (blue in Figure 5.3) when no strains 
overlap between time points and one (red in Figure 5.3) when the same strains are present 
at the same abundances. As shown in Figure 5.3, over the time scale of the simulation we 
find rapid turnover of host strains. Spacer acquisition by a host can provide the new host 
strain with immunity to a greater proportion of the virus population, allowing that host 
strain to increase in relative abundance. We observe repeated instances in which the host 
population is similar to itself over a short period of time, correlated with the oscillations 
in host density defined by the ecological model parameters (the small red triangles near 
the diagonal in Figure 5.3 highlighted in the insert). This dynamic results in both hosts 
and viruses having a short lifetime. Eventually, the derived strains out compete their 
ancestors, causing these older strains to fall below the threshold for removal from the 
simulation. This results in populations that are drastically different over long time-scales. 
The fact that populations are not similar to populations at much different time points 
implies that the populations are dominated by novel evolved hosts rather than recurrences 
of previous hosts over the simulation time scale of 2500 generations. 
 
Incomplete sweeps and bouts of diversifying evolution drive changes in population 
composition in the short term 
At any point in the simulation, there are only a few dominant host and viral 
strains, while many diversified strains exist at low abundance (see Figure 5.4). 
Throughout the simulation, novel host variants evolve from two types of ancestor strains: 
highly abundant strains, because they make up more of the population and have a 
disproportionate chance of interacting with the virus and gaining directed mutation; and 
strains which already have immunity to the infecting virus because they have the 
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possibility to acquire an additional spacer after successful CRISPR immune defense to 
viral infection. Strains that already have immunity are typically rare in the population 
because of the ecological arms race dynamic in which the dominant susceptible host is 
targeted by dominant viruses. Therefore, the second mechanism for generating new 
strains occurs infrequently because few virus-host interactions occur with the rare 
immune strains. As host and virus evolve, we find that acquisition of novel spacers and 
protospacers does not happen sequentially. Since viral mutation is undirected, the 
majority of the new viral mutants do not have increased fitness because they have not 
mutated the specific protospacer that the dominant host strains are immune to. On 
average, only 1/p mutations, where p is the number of protospacers, will produce a viral 
mutant that alters the dominant host immunity. Therefore, we find that hosts rarely 
incorporate the newest protospacer. Rather, the host spacer state reflects a history of the 
ecological success of viruses and their protospacers alleles, but not necessarily a 
chronological history of protospacer appearance.  
In contrast, because it has directed mutation, the host population responds directly 
to viral selection. We find that the dominant host strains oscillate in abundance (as 
defined in our model) with different evolutionary dynamics defining which strains 
dominate: 1) incomplete selective sweeps, 2) negative frequency-dependent selection, 
and 3) clonal competition of strains with the same immune phenotype. For each dynamic, 
one of these three types of strains dominate at any one time: 1) a newly evolved resistant 
strain, 2) an older strain maintained in the population at low abundance or 3) multiple 
strains resistant to the same virus with different spacers. With the exception of early time 
points in our simulation, we do not observe complete sweeps with a single strain 
eliminating all others, instead multiple strains nearly always coexist in our simulations. 
First, an incomplete selective sweep occurs when a host strain evolves that is 
resistant to concurrent viral types, expanding its range of resistance. Such a host strain 
usually evolves from a host strain that was abundant. If this strain has a significant 
advantage (i.e. maintains a spacer that matches the dominant viruses), it can grow to 
dominate in abundance during the next period of high density (see Figure 5.4). In 
response, a viral variant that can infect the newly derived host has a competitive 
advantage and quickly increases in frequency. This is consistent with the arms race 
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dynamic of successive coevolution through selective sweeps of newly evolved host 
strains (Buckling and Rainey 2002). 
Rare, older strains may also rise to dominance at periods of high host density in a 
manner consistent with negative frequency dependent selection (see Figure 5.4). In 
contrast to the selective sweep model, these strains are not derived directly from the 
previously highly abundant strain. Instead their fitness advantage comes from the 
dominant virus targeting a different high-abundance non-immune host. These rare strains 
often possess a different array of spacers, and consequently, different profiles of viral 
immunity, than the previously dominant host.  
We also observe periods of high host population density in which there is not a 
single host strain but a coalition of host strains that rise together to high abundance. This 
can result from multiple host strains each gaining a new spacer that matches a different 
protospacer in a dominant virus or viruses (see Figure 5.4). These coalitions fall in 
abundance due to the rise of a divergent virus that does not possess any protospacers that 
match any of the newly added spacers. The rise of a coalition of hosts can also result 
from a set of rare strains already existing in the population as above. 
 
Immunity of hosts is controlled by recently acquired spacers 
A recent coevolutionary CRISPR model of hosts and viruses found that spacers 
are more diverse at the leader end of a CRISPR locus (He and Deem 2010). This 
diversity is consistent with the mechanism by which spacers are inserted at the leader end 
of the locus. Our model demonstrates that not only are the leader end spacers more 
diverse, but they also emerge as the most important spacers for providing the host strains 
with CRISPR immunity (see Figure 5.5). For each time point, immunity is determined by 
calculating the percentage of the total viral population to which hosts harbor matching 
spacers. For example, the immunity provided by the first two spacers measures what 
percentage of all viruses the first two spacers of all host strains match at a particular time 
point. Relative immunity is the immunity calculated for particular sets of spacers 
compared to the immunity calculated for the full spacer locus (eight spacers). Average 
values are computed over all hosts across all time points after the locus is full of spacers. 
This measurement indicates which of the spacer positions are most important for 
114 
 
providing CRISPR immunity. We find that the first (and most recent) spacer of the locus 
contributes the greatest to the immunity of that locus, relative to the immunity provided 
from the entire locus. The contribution of subsequent spacers decreases such that only the 
first five loci are required to provide > 90% of immunity, on average. Hence, the oldest 
spacers contribute insignificantly to the immunity of the locus (see Figure 5.5). Although 
the increased diversity of leader end spacers was previously known, both theoretically 
and empirically, until this model, it was not clear how important the recently acquired 
spacers were to CRISPR immunity. The emergent property from the model strongly 
supports the hypothesis that recently acquired spacers contribute substantially to CRISPR 
immunity, and moreover, predicts that they are sufficient for the CRISPR immune 
response, regardless of spacer identity at the tail end of the locus. 
 
Dependence of coevolutionary diversification on the CRISPR immunity parameters 
The molecular component of the model determines whether viral infection leads 
to host lysis or viral deactivation. The two parameters associated with CRISPR immunity 
appear in the model through the constants p and q. p represents the stochastic failure of a 
host with CRISPR immunity to recognize an invading virus and q represents the 
acquisition rate of spacers by hosts.  
Here, the effects of varying values of p and q (around experimentally observed 
values) are tested (Figure 5.6). Values of p and q ranging from 10−
6
 to 10−
4
 are used. 
Simulations were run using all nine possible combinations of p and q values in this range 
separated by a factor of 10, that is, p = 10−
6
, 10−
5
, 10−
4
 and q = 10−
6
, 10−
5
, 10−
4
. Altering p 
within this range has almost no effect on the dynamics in the simulations. The reason 
why p is not a major driver of dynamics at small values is that small values of p increase 
lysis rates, albeit multiple orders of magnitude less than lysis rates of hosts that are not 
CRISPR immune. Hence, viral lysis is driven by the interaction of hosts and viruses for 
which CRISPR immunity is not present, whereas changing p only affects viral lysis in 
those interactions of hosts and viruses for which CRISPR immunity is present.  
However, varying q significantly modifies the complexity of communities even at 
small values. Higher values of q, corresponding to more rapid acquisition of spacers, lead 
to a high number of host strains without significant change in the host population size 
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(see Figure 5.6A, C). This is expected because host strains are distinguished by their 
spacer states, which evolve more rapidly. Only one spacer needs to be different to be 
considered a different strain. At higher values of q, viral strains, on the other hand, have a 
high number of strains and high population size (see Figure 5.6B, D). This trend of 
increasing viral population size as the hosts can more easily acquire spacers may at first 
seem counterintuitive. When q = 0, there exists a single susceptible host, and when q = 1, 
all viral strains will be eliminated. However, when q is increased slightly above zero, 
viral density increases. Increasing viral density results from a greater ability of viruses to 
replicate, either because there are more host strains that lack immunity or because the 
host strains that lack immunity have larger populations. Higher values of q also lead to 
host populations that recognize a greater proportion of the viral population (see Figure 
5.6E). Additionally, at higher values of q (faster spacer acquisition), more than just the 
first few spacers are important for immunity (see Figure 5.7). This is because the viral 
strains which the older spacers recognize still exist in the population.  
 
Discussion 
In order to understand complex natural dynamics such as how CRISPR immunity 
affects the structure of natural populations over time, it is important to construct 
mathematical models to simulate such interactions. This allows us to test individual or 
small sets of parameters in isolation from the big picture and complex interactions seen in 
real populations. We can then design experiments to specifically test those parameters in 
the lab or guide our search in natural environmental data.  
For example, based on the model by Levin (Levin 2010), which tests the 
prevalence of hosts with the CRISPR system versus those with other means of viral 
resistance, we hypothesize that hosts with the CRISPR system would fluctuate in 
frequency with those without the CRISPR system, or that the CRISPR system would 
even come and go from hosts depending on the fitness provided by CRISPR immunity. In 
order to test this hypothesis, the cost of CRISPR resistance first needs to be tested in the 
laboratory. Then, this can be compared to the cost of resistance for other types of 
resistance. Two types of resistance could even be competed in laboratory strains with one 
form of resistance or the other. We can then move to understanding CRISPR system 
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prevalence in natural populations once a system in which CRISPRs are not always 
present in natural populations of a single species is found. As of now, little is known 
about how whether the CRISPR system is even present to varying degrees in a single 
natural population. If such a system is discovered, then the frequency of CRISPR 
resistance compared to the frequency of other types of resistance over time should show 
hosts with the CRISPR system vary in frequency with hosts with other types of resistance 
in the population.  
Similarly, the prediction of the model by Haerter et al. (Haerter et al. 2011), that 
coexistence of CRISPR immune hosts and phages is possible, can be investigated in 
natural environments by looking at the diversity of viruses that can infect a particular host 
type. Since the model predicts that a high diversity of virus types is necessary, in a low 
complexity environment, as long as virus-host pairs are known, deep sequencing of a 
particular virus should reveal the level of diversity present in it. Andersson et al. 
previously showed that assembling viruses from metagenomic data is possible in low 
complexity environments (Andersson and Banfield 2008). Theoretically, as long as the 
diversity of virus types known to infect the host being studied is higher than the number 
of host spacers, this would be consistent with the model’s prediction of coexistence. 
However, this model would be difficult to disprove in natural environments due to the 
restrictions of being able to fully sample within an environment, even a low complexity 
one. 
As with the model by Haerter et al. (Haerter et al. 2011), the predictions in the 
model by He and Deem (He and Deem 2010) can be tested in the natural environment. 
Greater leader end diversity has already been shown in several natural systems (Cui et al. 
2008; Tyson and Banfield 2008; Held et al. 2010; Rezzonico et al. 2011). The model 
predicted that this was due to the random assortment of spacers acquired at the leader end 
being subject to selective pressure such that the strains with beneficial spacers, those 
against dominant or lytic viruses, are the strains that survive. Therefore, spacers that 
match such viruses should be found in the older spacers in the CRISPR spacer arrays, 
closer to the trailer end. It would be simple enough to see if older spacers match lytic 
viruses, though this effort would be hampered in most systems, since few natural viruses 
are actually sequenced. To see if older spacers match previously dominant viruses would 
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require that viruses be tracked over time through PCR or analysis of multiple 
metagenomic datasets. There are studies that have shown CRISPR spacer matches 
between hosts and viruses from the same time and place, like the AMD system (Tyson 
and Banfield 2008), which means that those matches at least are between dominant hosts 
and viruses. As discussed with the Haerter et al. model (Haerter et al. 2011), it is 
important to use a well-studied, low-complexity natural environment so that it can be 
known whether the dominant viruses can even infect the host in question. Of course, this 
could be simplified by studying virus-host coevolution in an experimental system in the 
laboratory, such as in a chemostat. 
The Weinberger model is actually testing the prediction of selective sweeps of 
CRISPR spacer arrays seen in the AMD data and the model does predict that selective 
sweeps can occur (Tyson and Banfield 2008; Weinberger et al. 2012). However, what is 
not known is if the selective sweep actually did occur in the natural environment, since 
the AMD time course data had a clonal trailer end at every time point. Ideally, in order to 
show a selective sweep occurring in nature, evidence of a sweep would follow a time 
point with diversity at the trailer end of the CRISPR spacer array. The other parameter 
that the model tested was CRISPR spacer deletion rate. It is unlikely that deletion is 
going to vary within a single species, so here deletion rates in two different systems 
would need to be compared. As with testing predictions of the previous models, 
population CRISPR spacer data over multiple time points would first need to be 
collected, so that similar CRISPR spacer arrays could be compared for spacer deletions. 
It seems a common aspect of models of CRISPR immunity in natural populations 
is population dynamics over time. Therefore, CRISPR population data over multiple time 
points is important for testing the predictions of all of these models. Low-complexity 
environments would be very useful for investigating population dynamics, as sampling 
deeply into any other environments would be difficult. Metagenomic data would also be 
useful for investigating all of the models. Very few ecological studies have yet looked at 
CRISPRs in populations over time. However, this is key to understanding how complex 
virus-host interactions evolve, and would further our understanding of the impact the 
CRISPR-Cas system has on natural populations. 
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Future Directions 
Since an eco-evolutionary population dynamics model was discussed here, the 
next step is to test the predictions of the model in the natural environment. We find that a 
diversity of host and virus strains coexist in the model, and that selective sweeps do not 
abolish this diversity. Over the short term, there are incomplete selective sweeps, where a 
single strain gets a spacer that gives it immunity to dominant viruses in the population 
and an advantage over the others hosts, such that it rises to dominance. There are also 
recurring host strains, that were previously rare, that rise to dominance in the population. 
The third dynamic we see is where a group of strains, either with newly added spacers, 
previously rare, or both, rise in frequency together as a coalition. 
In order to test whether, in natural populations, hosts rise to dominance as a single 
clone or in coalitions of strains or both, CRISPR spacer arrays in populations of hosts 
should be tracked over time. Metagenomic sequences would allow CRISPR diversity and 
individual host CRISPR spacer arrays to be tracked in a natural environment. When done 
concurrently with cell counts, relative population size could be determined. Knowing 
when population size is high allows us to determine whether the population is at a peak in 
the frequency oscillation or a trough, and therefore it would be possible to determine 
whether the dominant host(s) is a single clone or part of a coalition. If single clone 
dominance is seen at periodic time points with multiple strains occurring together at 
others, then this would be consistent with the complex strain dynamics predicted by our 
model.  
The other major finding of this model is that the leader end spacers have the most 
matches to the current viruses in the community. This can be tested by having viral 
metagenome data from the same time and place. This would allow host spacer sequences 
to be matched to viral protospacers and the number of matches for each spacer from 
leader end to trailer end to be counted. If more matches occur between contemporary host 
CRISPR spacers at the leader ends of the arrays and viral metagenomic sequences than 
between those from different time points, then this would suggest that the most recently 
acquired spacers are indeed the most relevant spacers at any given point in time. 
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Figures and Tables 
 
 
Figure 5.1. Schematic of the molecular components in the CRISPR model. (A) 
Undirected mutation of viruses following successful infection leads to replacement with a 
novel protospacer within the viral genomes. New protospacers can occur anywhere in the 
protospacer set. (B) Directed mutation of hosts leads to inclusion of a novel spacer within 
the host genome. New spacers are added at the leader end. The dynamics of spacer state 
change are simplified in the model by assuming the maximum number of spacers per 
strain type is constant. When the maximum (8) is reached, the addition of a spacer at the 
leader end is accompanied by deletion of a spacer at the trailer end. 
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Figure 5.2. Dynamics and diversification of the eight spacer and 10 protospacer model. 
(A) Viral population dynamics (green) and host population dynamics (black) show that 
population densities undergo fluctuations. (B) Viral strain count (green) and host strain 
count (black) show the diversification into multiple host and viral strains. These graphs 
show results from a single representative simulation (out of 100 replicates). One hour 
equals one generation. 
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Figure 5.3. Incorporation of spacers causes changes in host population size and host 
population content. Ecological similarity between the host populations at two time points 
using the Morisita–Horn index is shown, which takes into account both abundance and 
type. Time intervals of two hours are used. The color bar indicates similarity from blue 
(low similarity) to red (high similarity). The diagonal is the comparison of one 
community against itself and hence has perfect similarity (dark red). Communities 
significantly separated in time are blue, indicating no similarity (see bottom left of the 
figure). The vertical bars indicate an increase in the average number of spacers per host. 
The average number of spacers, s, is marked above the graph with a maximum of s = 8. 
The inset is an enlarged version of t = 1500 to t = 1700. This graph shows results from a 
single representative simulation (out of 100 replicates). 
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Figure 5.4. Proportion of host strains in the population. Host strains (independent 
colors—colors repeat when not directly touching) are born into the population and 
increase in size over time. The total height of the colored area is proportional to the 
population size and the vertical height of each color within the colored area is 
proportional to the percent of the population comprised by each strain. Strains first appear 
in the middle of the color that is their parent strain. Some novel strains (i.e., light green at 
t ≈ 1625 denoted by N) rapidly become the dominant strain. At times, multiple hosts 
emerge as coalitions and comprise significant portions of the population (i.e., at t ≈ 1675 
denoted by C). Finally, recurrence of strains can be observed (orange peaks at t ≈ 1610 
and t ≈ 1640 correspond to the same strain denoted by R). Only host strains comprising at 
least 1% of the population are included. The total viral population density is shown in the 
lower panel. This graph shows results from a single representative simulation (out of 100 
replicates). 
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Figure 5.5. The most recently acquired spacers provide greatest immunity. Relative 
immunity conferred by the newest n spacers in the locus compared to the immunity from 
the full locus of eight spacers. Mean (circles) and standard deviation (error bars) were 
computed for 100 replicates averaged over the time points after the locus is filled with 
spacers. Immunity is determined by calculating what percentage of the viruses the 
spacers at each position in the locus can match. Relative immunity is the percentage of 
viruses that the most recent n spacers from all hosts can match compared to the 
percentage of viruses the full spacer locus (eight spacers) matches. The majority of the 
immunity is provided by the first spacer and more than 80% immunity is provided by the 
first three spacers. 
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Figure 5.6. Population dynamics are more influenced by changes in the host spacer 
acquisition rate (q) than stochastic failure of CRISPR immunity (p). Stochastic failure of 
the CRISPR system when the host is immune, p, and host spacer acquisition rate, q, are 
varied from 10
−6
 to 10
−4
. Values of q are grouped on the x-axis. Values of p have 
identically colored bars (black represents p= 10
−6
; gray represents p= 10
−5
; white 
represents p= 10
−4
). For all values of p, bars for q= 10
−4
 represent the median of 25  
125 
 
Figure 5.6 (continued) 
replicates, bars for q= 10
−5
 represent the median of 75 replicates, and bars for q= 
10
−6
represent the median of 100 replicates. Lines represent standard error. As q increases, 
host population density (A) is unchanged, viral population density (B) increases, host 
strain counts (C) increase, viral strain counts (D) increase, and the fraction of the viral 
population the hosts are immune to (E) increases. 
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Figure 5.7. CRISPR Immunity is more influenced by changes in the host spacer 
acquisition rate (q) than stochastic failure of CRISPR immunity (p). Relative immunity 
conferred by the newest n spacers in the locus is compared to the immunity from the full 
locus of 8 spacers. Mean (circles) and standard deviation (error bars) were computed for 
all replicates averaged over the time points after the locus is filled with spacers Immunity 
is determined by calculating what percentage of the viruses the spacers at each position in 
the locus can match. Relative immunity is the percentage of viruses that the most 
recent n spacers from all hosts can match compared to the percentage of viruses the full 
spacer locus (eight spacers) matches. Values of p and q vary from 10
−6
 to 10
−4
. For all 
values of p, graphs for q= 10
−4
 include 25 replicates, graphs for q= 10
−5 
include 75 
replicates, and graphs for q= 10
−6
 include 100 replicates. 
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Table 5.1. Parameters and values in multiscale eco-evolutionary simulations. 
Model 
component Parameter Meaning Values 
Molecular p CRISPR failure probability 10
−5
 
  q New spacer acquisition probability 10
−5
 
Ecological r Growth rate (1/h) 1 
  K Carrying capacity (1/mL) 10
5.5
 
  β Burst size 50 
  ø Adsorption rate (mL/h) 10−7 
  m Viral decay rate (1/h) 0.1 
Evolutionary μ Mutation rate 5 × 10−7 
  ρc Density cutoff (1/mL) 0.1 
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Chapter 6: Recombination among 
CRISPR arrays promotes Sulfolobus 
islandicus diversity over time* 
 
Abstract 
Virus-host interactions are a key factor influencing population dynamics of 
microbial species. The CRISPR (clustered regularly interspaced short palindromic 
repeats) immune system allows microbial hosts to gain sequence specific immunity to 
viruses with the potential to change viral resistance profiles rapidly over time. We have 
sampled a population of Sulfolobus islandicus from Kamchatka, Russia at two time 
points, ten years apart. We show that the CRISPR spacer arrays are active and changing 
through acquisition of new spacers at the leader ends of the arrays, which are more 
diverse than the trailer ends. In addition, we find that entire CRISPR spacer arrays are 
exchanged between strains in a modular fashion to generate new immunity profiles. 
Exchange of CRISPR arrays between strains provides the potential for the rapid spread of 
immunity throughout the population. Rapid transfer also provides the evolutionary 
independence of CRISPR arrays from one another and from the cas genes that mediate 
their function. Temporal studies of viral populations demonstrate hyper-variability in 
these loci relative to the rest of the chromosome that is consistent with their role in 
immune defense. 
 
Introduction 
The CRISPR (clustered regularly interspaced short palindromic repeats) system is 
a recently discovered adaptive immune mechanism in bacteria and archaea (Deveau et al. 
2010; Marraffini and Sontheimer 2010). Upon infection, microorganisms with active 
                                                 
*
 This chapter is submitted to be published as Held, N.L., A. Herrera, and R.J. Whitaker. “Recombination 
among CRISPR arrays promotes Sulfolobus islandicus diversity over time.”  
 
131 
 
CRISPR systems integrate short segments of foreign DNA, called spacers, between short 
repeat sequences, creating large repeat-spacer arrays in the host chromosome (Jansen et 
al. 2002; Bolotin et al. 2005; Godde and Bickerton 2006; Makarova et al. 2006). Future 
infection by a new invading element is thwarted when the host spacer sequence matches 
the invading DNA or RNA sequence (Barrangou et al. 2007; Brouns et al. 2008; 
Marraffini and Sontheimer 2008; Hale et al. 2009; Manica et al. 2011). CRISPR spacer 
arrays are flanked by CRISPR-associated (cas) genes that are involved in obtaining new 
CRISPR spacers and in implementing interference of infection from CRISPR RNA 
transcripts (Jansen et al. 2002; Haft et al. 2005; Brouns et al. 2008; Makarova et al. 
2011). Experimental data and studies of natural variation demonstrate that new CRISPR 
spacers are added at the leader ends of CRISPR spacer arrays such that each host has a 
chronological record of interaction with viruses and plasmids from the same environment 
(Barrangou et al. 2007; Cui et al. 2008; Tyson and Banfield 2008; Diez-Villasenor et al. 
2010; Held et al. 2010; Rezzonico et al. 2011). Relationships among strains based on this 
chronology have been used to identify biogeographic patterns among host and virus 
populations (Cui et al. 2008; Tyson and Banfield 2008; Heidelberg et al. 2009; Held et al. 
2010). In addition, one study has examined changes in CRISPR sequences over time in a 
microbial population from human saliva collected over 17 months (Pride et al. 2011). 
Using culture independent techniques, this study demonstrated that, although the 
presence of one CRISPR locus remained stable, the population of CRISPR spacers within 
that locus changed dramatically, with only a few spacers maintained in the population 
over time.  
Several theoretical models have been proposed that describe the impact that 
CRISPR immunity will have on virus-host coevolutionary dynamics. Each of these 
models predicts that where the CRISPR system is maintained (Levin 2010) and host 
survival is dependent upon CRISPR mediated viral resistance, both CRISPR loci and 
virus populations will diversify over time. Each predicts that diversification in CRISPR 
host loci will occur at the leader end over time in natural environments, particularly at 
high rates of new spacer acquisition (He and Deem 2010; Levin 2010; Haerter et al. 
2011; Childs et al. 2012; Weinberger et al. 2012). Because independent acquisitions of 
different spacers by different infected individuals confer immunity to the same virus, the 
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same immune phenotype may be distributed among a population of mixed host 
genotypes, which would promote population level diversity (Held et al. 2010; Childs et 
al. 2012). Observing temporal patterns of change in CRISPR loci is important for testing 
theoretical predictions about the effect of CRISPR immunity on microbial population 
dynamics. 
CRISPR models to date have not integrated recombination or gene flow. 
Recombination between CRISPR loci is likely to be advantageous, especially in 
populations that are coevolving with lytic viruses that have a strong selective effect (Otto 
and Nuismer 2004). The Red Queen hypothesis for the evolution of sex predicts that 
recombination is advantageous especially where selection is strong and there is epistasis 
between adaptive alleles (Otto and Nuismer 2004; Becks and Agrawal 2010). In the case 
of virus-microbe interactions, lytic viruses would pose a strong selective pressure on their 
microbial hosts. Since recombination would allow distribution of CRISPR spacers with a 
selective advantage, it would have a significant impact on microbial coevolutionary 
population dynamics. Genomic analyses have demonstrated that horizontal gene transfer 
between divergent strains occurs in the CRISPR-Cas system, although the rates and their 
impact on population dynamics have not been quantified in natural populations (Haft et 
al. 2005; Godde and Bickerton 2006; Chakraborty et al. 2010; Shah and Garrett 2011). 
For example, comparative genomics of the crenarchaeon Sulfolobus show that different 
strains have different cas gene modules that are likely acquired by horizontal gene 
transfer (Shah and Garrett 2011). 
 We previously characterized the isolated Sulfolobus islandicus population from 
the Mutnovsky Volcano region of Kamchatka, Russia collected in the year 2000 (Held et 
al. 2010; Cadillo-Quiroz et al. 2012). S. islandicus is a crenarchaeon that lives in acidic 
hot springs and grows optimally at around pH 3 and 80°C. Several of the viruses that 
infect Sulfolobus have been characterized, including lytic viruses (Wiedenheft et al. 2004; 
Prangishvili and Garrett 2005; Bize et al. 2009). The CRISPR system was recently shown 
to provide immunity to plasmid and virus infection in S. islandicus REY15A as well as in 
a close relative, Sulfolobus solfataricus P2 (Gudbergsdottir et al. 2011; Manica et al. 
2011). Previously, using twelve fully sequenced strains from this same population, we 
observed genomic patterns of recombination that are consistent with sympatric speciation 
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(Cadillo-Quiroz et al. 2012). Here, we compare additional Sulfolobus islandicus isolates 
collected in the year 2000 to isolates from samples taken in 2010 to assess the change in 
CRISPR spacer alleles over time and investigate the impact of recombination on the 
population dynamics of CRISPR immunity. 
 
Results  
120 strains of Sulfolobus islandicus were isolated from samples collected from the 
Mutnovsky Volcano region of Kamchatka, Russia from three hot springs in 2000 and six 
different hot springs in 2010. In order to identify how a S. islandicus population changes 
over time, we used a combination of multi-locus sequence analysis (MLSA) of seven 
core genes and CRISPR spacer array end-sequencing. Comparative genomics of twelve 
S. islandicus strains from the Mutnovsky population (Cadillo-Quiroz et al. 2012) shows 
that all strains in this population have two divergently transcribed CRISPR spacer arrays 
(here called arrays A1 and A2) with the same repeat sequences, separated by a set of five 
cas genes (internal or aCas) (Garrett et al. 2011; Shah and Garrett 2011). This set of five 
cas genes contains the core cas1 gene implicated in the addition of new spacer sequences 
to the CRISPR spacer array. At the 3’ end of the A2 CRISPR spacer array is a set of eight 
cas genes (external or iCas). Some strains from the Mutnovsky population have a third 
repeat spacer array (here called array C) with a repeat sequence that differs by 9 nt and is 
located approximately 20 kb upstream of the A1 CRISPR spacer array (Held et al. 2010). 
Using primers located outside of the CRISPR spacer arrays, we attempted to amplify and 
end-sequence each of the three CRISPR spacer arrays from each of the 120 strains 
(Figure 6.1A). Note that not all arrays were amplified for all strains, primarily because of 
the hyper-variability of the CRISPR loci (Held et al. 2010) (see Table 6.1).  
Table 6.2 shows the number of strains amplified and sequenced by MLSA and 
each CRISPR spacer array from each hot spring sample, as well as the number of alleles 
for each array. As was shown previously with MLSA for the M.16 hot spring in 2000, at 
both time points the population consists of one dominant genotype coexisting with rare 
genotypes (Held et al. 2010). By MLSA, the population structure in 2010 is stable when 
compared to 2000 and is not differentiated by FST (Cadillo-Quiroz et al. 2012). 
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The leader ends of CRISPR arrays in S. islandicus isolates are active and changing 
CRISPR spacer arrays that could be amplified were end-sequenced and compared 
to one another. Many S. islandicus isolates differ at their leader ends by at least one 
spacer. For example, Figure 6.1B compares two strains at each array (full data in Table 
6.3). In the C array, the two strains differ by just the newest spacers at the leader end (2A 
and 2B) of the CRISPR spacer array. At the trailer end of the C array, deletions of one or 
more spacers are shown to occur (1A and 1B). This type of diversification (here called 
end differences and denoted by a letter following the allele number in Figure 6.1B) is 
seen in all three spacer arrays at both time points. As shown in Figure 6.1B, the example 
for the A1 array is of two strains with completely different alleles at the leader end (10 
and 17). This could have resulted from accumulation of new spacers over time or from 
population dynamics resulting in a change in the composition of the population. At the 
trailer end, a number of very different sequences are also observed at each of the three 
arrays. Because the trailer end has older CRISPR spacers, it is likely to result from 
historical change in strain composition rather than evolution of new alleles over time. In 
order to trace population dynamics (rather than mutational changes such as acquisitions 
and deletions), sequences of CRISPR arrays were grouped by the presence of shared 
spacers at each end of each array (called alleles). Different groups were given different 
allele numbers as shown in the Figure 6.1B examples for the leader end in A1 (10 and 17) 
and A2 (5 and 32) and at the trailer end in A2 (7 and 9).  
Table 6.4 shows the percent of CRISPR spacer array ends unique to each time 
point. Comparing the CRISPR spacer array ends between the 2000 and 2010 time points, 
we observed that the leader ends diversify considerably through time because there is a 
higher percentage of unique CRISPR arrays at the leader end than at the trailer end for 
each array at both time points. Table 6.4 also shows the percent of CRISPR alleles unique 
to each time point. We observe more CRISPR alleles at the leader end, and find that the 
trailer ends of the arrays are relatively stable through time, although a significant number 
of rare alleles, 44-53% unique to 2000, have been lost over time. The difference between 
alleles and ends in the trailer end (74% vs 17% unique in 2010) shows that deletions at 
the trailer end are contributing significantly to the diversity of trailer sequences present in 
the population. 
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Recombination generates new combinations of CRISPR spacer arrays 
While S. islandicus CRISPR spacer arrays diversify at their leader ends, each 
leader allele is consistently linked to a single trailer allele. For example, there are only 
two examples where a single leader allele is seen with multiple trailer alleles in the same 
array (Table 6.1). In addition, we see very little evidence for exchange of spacers 
between alleles or between arrays. We see only two examples of the same contiguous 
spacers shared between different spacer arrays. For example, strain M.02.0.16.2010 has 
two contiguous spacers at the trailer end of its A1 spacer array (2
nd
 and 3
rd
 spacers from 
the end) that match two contiguous spacers at the trailer end of the A2 array in strain 
M.06.1.02.2010 (7
th
 and 8
th
 spacers from the end). This could have resulted from 
recombination between arrays or from independent acquisition of the same spacers by 
different strains. 
Although the leader and trailer alleles and their sets of spacers appear to be linked 
within a population, there is evidence for the modular exchange of entire arrays between 
strains to form new combinations of CRISPR alleles. Figure 6.2 shows the diversity at the 
trailer alleles of each CRISPR spacer array as well as the MLSA genotype for each strain. 
From this figure, many combinations of trailer alleles and MLSA genotypes are seen. For 
example, Figure 6.2 highlights a set of strains with all four possible combinations of 
trailer alleles in the inset at the bottom right. These new combinations indicate that there 
is recombination between the CRISPR arrays.  
In order to quantify the effect of recombination among CRISPR spacer arrays, we 
assessed the level of linkage between the conserved trailer alleles. For each pair of 
CRISPR spacer arrays (C/A1, C/A2, and A1/A2), the number of different pairs of trailer 
alleles was divided by the total number of possible combinations of alleles in the dataset. 
A low percentage of possible pairs indicates a high amount of linkage between two 
arrays, because the alleles are found together often, while a high percentage of possible 
pairs indicates less linkage and free recombination. As shown in Table 6.5, the 
percentage of possible pairs ranged from 9.6% to 33.3%. For all 2000 and 2010 strains 
together, the A1 and A2 spacer arrays are more tightly linked to each other than either is 
with the C spacer array (Table 6.5). 
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We further assessed the level of recombination in this population by calculating 
how many different compatible matches (containing all four possible combinations of 
two alleles at two arrays, Figure 6.2 inset) are present in 2000, in 2010, and between the 
two years. Since recombination in archaea is assumed to be non-reciprocal, compatible 
matches represent two recombination events. As above the largest number of compatible 
matches can be seen between the A1 and C CRISPR spacer arrays, followed by between 
the A2 and C CRISPR spacer arrays, with very few occurring between the two A 
CRISPR spacer arrays (Table 6.6). For each pair of CRISPR spacer arrays, the highest 
percent of compatible matches occurs between the two time points, indicating we see 
more recombination when looking at an accumulation of events over time rather than at a 
single time point.  
Because the raw score of percentage of possible pairs and number of compatible 
pairs are both dependent upon sampling, we quantified further the degree of linkage 
between loci using the standardized index of association (I
S
A) with LIAN version 3.5 
(Haubold and Hudson 2000). The index of association measures the variance in genetic 
distance between strains (VD) compared to the expected variance under free 
recombination (VE). Freely recombining strains will have no difference in values 
resulting in an index of association that is 0. As shown in Table 6.7, the index of 
association is low but significantly greater than zero, indicating that this population 
deviates from free recombination by maintaining some linkage between loci. As above, 
the A1 and A2 spacer arrays showed the most association of any pair of alleles (Table 
6.7). Therefore, recombination likely occurs to a lesser extent between the A arrays than 
between either and the C array. When the 2000 and 2010 strains are considered 
separately, we see slightly less linkage between all pairs of arrays in 2010 than in 2000 
(Table 6.5). However, both values are greater than when comparing between time points, 
indicating linkage is degrading over time through ongoing recombination. When identical 
strains are removed from the dataset, free recombination cannot be rejected, indicating 
that there is significant background of recombination followed by small epidemic 
expansions of particular strains (Table 6.7) (Smith et al. 1993). 
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Independence of CRISPR arrays  
Theory predicts that the advantage provided by recombination is that assembled 
arrays of CRISPRs are unlinked, allowing them to independently respond to selection and 
allowing new combinations of alleles that are advantageous under certain conditions 
(Otto and Nuismer 2004). To test whether CRISPR arrays are changing in frequency 
between time points, the frequency distribution of S. islandicus alleles was determined 
between 2000 and 2010. As is shown in Figure 6.3A, the C CRISPR spacer array shows a 
switch in dominant alleles from 2000 to 2010, where the three most abundant alleles in 
2000 are reversed in order of abundance in 2010. The A1 array also changes in CRISPR 
allele composition in that the most abundant A1 CRISPR spacer array allele in 2000 is 
the second most abundant allele in 2010 and the fourth most abundant allele in 2000 
becomes the most abundant allele in 2010 (Figure 6.3B). Comparisons between dominant 
alleles in each CRISPR spacer array in Figure 6.2 shows that the changes in A1 and C are 
not linked. In contrast, the composition of the A2 CRISPR spacer array alleles in the 
population is very similar between the 2000 and 2010 time points, with the two most 
abundant alleles in 2000 still the most abundant alleles in 2010, and many of the less 
dominant CRISPR alleles remaining at similar relative abundances (Figure 6.3C). This 
indicates that array alleles are changing independently at the different time points. Since 
the A1 and A2 arrays are more linked in this population, it is interesting that the A1 
alleles change in abundance while the A2 alleles do not. As shown in Figure 6.3C and 
Table 6.4, although there was not a change in the dominant allele at the A2 array, there 
was more diversity of trailer alleles in 2010, with 41% of rare alleles unique to 2010. The 
accumulation of new A2 variants could account for this apparent contradiction.  
The MLSA rank abundance shows that there are two abundant alleles that switch 
in dominance between the two time points, with most of the alleles being rare and seen at 
only a single time point (Figure 6.3D). We do not see linkage between strains that change 
in dominance: for example, the strains that increase in dominance in MLSA are not 
linked to those that change in A1. This indicates, as mentioned above, that changes in the 
abundance of the core genome and the three different CRISPR arrays are evolutionarily 
independent. 
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Modular evolution of cas genes 
Twelve fully sequenced isolates of S. islandicus from the M.16 hot spring in 
Mutnovsky (Cadillo-Quiroz et al. 2012) were analyzed for diversity in the cas genes 
(Figure 6.4). All strains maintain the complement of the Type 1-A (Makarova et al. 2011) 
internal (aCas) and external (iCas) core cas genes. A set of highly divergent external cas 
genes (iCas) were identified in two of the twelve strains, M.16.30 and M.16.40. The 
representative of this set of cas genes (cas6) has only 60% nucleotide similarity 
compared to 99.3% average nucleotide similarity among core genes (Cadillo-Quiroz et al. 
2012). This divergent variant was amplified from strains in 2010 with the same trailer 
array sequence. Figure 6.5 shows the phylogenies of a representative cas gene for sets of 
cas genes in the sequenced S. islandicus strains and closely related cas genes in other 
species. The internal cas genes (aCas), indicated in spacer addition (Figure 6.5A), show a 
relationship very similar to the biogeographic pattern shown in a S. islandicus whole 
genome core gene phylogeny (Cadillo-Quiroz et al. 2012), in which strains group 
genetically by their geographic location and are less closely related to most of the other 
more distant species. The phylogeny of the external cas genes (Figure 6.5B) shows the 
same pattern except that strains M.16.30 and M.16.40 are divergent compared to the rest 
of the cas genes. The repeat sequence of the trailer end of the A2 CRISPR spacer array 
has a single SNP for the 10 repeats proximal to the divergent cas gene cassette in both 
isolates. Due to the fact that the repeat at the leader end of the CRISPR spacer array 
likely serves as a template for the next repeat upon addition of a new spacer (Yosef et al. 
2011), the SNP in the trailer end repeat sequences suggests that this part of the spacer 
array was integrated into an existing CRISPR spacer array, along with the external cas 
genes. The origin of this novel cas allele is unknown, but comparisons to the rest of the 
core chromosome suggest that it was incorporated by horizontal gene transfer in one 
strain and transferred between the two (M.16.30 and M.16.40) strains or that the identical 
cas module and trailer end of the array was incorporated twice. Northern Blot analysis of 
these strains with the A repeat sequence shows that crRNA processing still occurs with 
these new cassettes (data not shown), suggesting that they are still functional with the A 
repeat containing arrays, especially in strain M.16.40 which has no alternative set of 
genes associated with crRNA processing (Figure 6.4). 
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While the internal cas genes (aCas) do not appear to have been replaced with a 
divergent set of genes in any of the S. islandicus strains, inversions are apparent, where 
the whole set of five genes are present in either orientation between the A CRISPR spacer 
arrays, presumably through recombination between the homologous leader sequences. 
These inversions appear to occur independently from the dynamics of the spacer arrays, 
as the same combination of alleles are seen with inverted internal cas cassettes. These 
inversions were confirmed by PCR amplification. The color of the CRISPR array allele 
types in Figure 6.4 shows that these inversions are independent of the CRISPR alleles. 
Finally, Figure 6.4 shows that in strain M.16.4 there has been a viral insertion within the 
csx1 gene. 
A third CRISPR spacer array with a different repeat sequence (C repeat) is not 
present in all S. islandicus strains. This is located upstream of the A arrays, and is 
surrounded by cas genes containing all of the same types of cas genes present in the iCas 
and aCas, as well as many RAMP like cas genes (Figure 6.4 and Table 6.8). Four of the 
fully sequenced strains do not have the C CRISPR spacer array and surrounding cas 
genes: M.16.43, M.16.02, M.16.4, and M.16.40. Strains M.16.43 and M.16.40 share a 
cassette of cas genes not found in the other strains, M.16.02 has a different cas cassette, 
and M.16.4 has a set of cmr genes in this location (Table 6.8). The cmr genes have been 
shown to be involved in targeting RNA by the CRISPR system in the archaea Pyrococcus 
furiosus and Sulfolobus solfataricus (Hale et al. 2009; Zhang et al. 2012). Sets of cmr 
genes containing cmr1-6 were identified in all S. islandicus strains from Mutnovsky 
except strains M.16.47, M.16.43, and M.16.02 (Figure6.51C). The cmr genes are far less 
conserved, with highly divergent sequences identified in closely related strains. 
Interestingly, cmr7, shown to be part of the protein complex that targets foreign RNA in 
S. solfataricus (Zhang et al. 2012), is associated with only a subset of these cmr sets, 
located in two groups on the cmr phylogeny (noted in Figure 6.5C with $). No evidence 
for a divergent cmr7 gene was found through amino acid BLAST searches with all cmr7 
genes annotated in Sulfolobus genomes. The CRISPR region of the genome appears to be 
a hot spot for recombination and lateral gene transfer, shown by not only the spacer 
arrays, but by the cas genes as well. 
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Discussion 
The CRISPR spacer arrays in this population of Sulfolobus islandicus are active 
and changing over the ten years investigated in this study. While the same CRISPR trailer 
and leader alleles could be found in both time points, more of the leader alleles are 
unique to each time point, indicating that the leader ends are changing rapidly. In 
combination with CRISPR spacer matches to Sulfolobus viruses and plasmids (Held et al. 
2010), this supports that the S. islandicus strains add new spacers in their natural 
environment, although this has yet to be experimentally demonstrated in the laboratory. 
Experimental evidence corroborates the interference function in the CRISPR system, and 
demonstrates the function of the CRISPR system in other Sulfolobus species 
(Gudbergsdottir et al. 2011; Lintner et al. 2011; Manica et al. 2011; Zhang et al. 2012).  
Two evolutionary explanations would result in the maintenance of greater 
diversity at the leader end of the CRISPR array in the S. islandicus system. The first is 
that new CRISPR spacers are added from the virus population at random at the leader 
end, but only those that provide a selective advantage survive. Under these conditions, 
the lower diversity at the trailer end contains those spacers that have been selected to 
provide essential immune function, whereas the leader end spacers have not had time to 
be removed by selection (He and Deem 2010). A second model of CRISPR population 
dynamics suggests that the most recently acquired spacers provide the most immunity to 
current viruses in the environment (Childs et al. 2012). Under this model, polyclonal 
diversity is preserved when strains with equal immune phenotypes compete and coexist 
within the population (Held et al. 2010).  
In the S. islandicus populations from Mutnovsky, multiple trailer alleles also 
coexist and persist at both time points, ten years apart. This demonstrates that this S. 
islandicus population has not experienced a purifying selective sweep of the CRISPR loci 
during the ten years between sampling dates. This is consistent with our hypothesis that 
CRISPRs promote and maintain diversity due to independent acquisition of different 
spacers that confer immunity to the same virus (Held et al. 2010) and with our 
observation of recombination among these CRISPR arrays. This is different from patterns 
of diversity that have been documented in other microbial populations. In particular, 
metagenomic studies of a natural population of microorganisms from low-complexity 
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acid mine drainage (AMD) biofilms show that at least two different microbial 
populations maintain persistent trailer end clonality (Tyson and Banfield 2008; 
Weinberger et al. 2012). In a recent population genetics model, Weinberger et al. 
predicted that this trailer end clonality results from recurring, rapid selective sweeps of 
immune strains (Weinberger et al. 2012). Differences in ecological and evolutionary 
histories of these populations and their viruses, as well as biological differences in the 
CRISPR systems and rates of recombination, likely result in differences in CRISPR 
diversity in microbial populations. 
The Red Queen hypothesis posits that recombination is maintained when it 
provides a selective advantage, in particular through coevolution with infectious 
pathogens (Van Valen 1973). We have observed that change in the CRISPR spacer arrays 
occurs not just through addition of new spacers at the leader ends of the arrays, but also 
through modular evolution with recombination of the entire CRISPR spacer arrays. The 
CRISPR spacer array alleles are found in different combinations of the three arrays in the 
S. islandicus strains from Mutnovsky. Additionally, the change in abundance over the ten 
year time span of the A1 and C CRISPR spacer array alleles, but not the A2 array alleles, 
is consistent with the fact that the spacer arrays are unlinked and independent. This is 
important in the context of the CRISPR immune system, because it allows the immunity 
from one or more arrays, but not necessarily all of them, to be transferred between 
strains. This in turn allows a host to keep some of its old immunity, and make new 
combinations of immunity for future generations. This is consistent with the Red Queen 
hypothesis in that recombination occurs because it confers an advantage, in this case 
through adaptive immunity to viruses in the environment, to the S. islandicus hosts (Otto 
and Nuismer 2004; Becks and Agrawal 2010).  
The replacement of the divergent iCas cassette in M.16.30 and M.16.40 supports 
the hypothesis that these genes function as modular defense islands (Makarova et al. 
2011). This cas defense island is substantially more divergent (60% nucleotide identity) 
than the rest of the core genome in these strains which average 99.3% nucleotide identity 
between the most divergent strains. This high level of divergence was presumably 
acquired through horizontal gene transfer. Similar to previous reports (Takeuchi et al. 
2012) this cas defense island does not have a signature of diversifying selection acting 
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across the whole gene. It has been demonstrated that viruses can evade the host CRISPR 
immune system by altering the portion of their DNA that matches the host spacer 
sequence (protospacer) or by altering the protospacer associated motif (PAM) that is 
adjacent the protospacer sequence in the viral genome and is necessary for the host to 
determine foreign DNA from self-DNA (Mojica et al. 2009; Marraffini and Sontheimer 
2010). Although it has yet to be shown experimentally, is likely that viruses have other 
mechanisms to evade the CRISPR system, such as targeting the Cas proteins themselves. 
We suggest that this type of antagonism from a virus could provide strong selection 
pressure to significantly alter the cas gene complex involved, especially in the 
interference stage of the CRISPR response to infections. Rather than stepwise 
accumulation of non-synonymous substitutions that result in a dN/dS skew, 
microorganisms like S. islandicus have the capacity to substitute co-adapted Cas 
complexes that evolved in other host strains. This type of arms race, resulting from viral 
targeting of cas gene function, would provide a selective explanation for the cas cassette 
replacement that we have observed between closely related strains. 
We have shown that the CRISPR immune system is active in a natural population 
of S. islandicus and that recombination is a key factor in how the immunity changes over 
time in these strains. Rapid reassortment of spacer arrays within a natural population will 
have a strong effect on the evolutionary dynamics in natural populations of microbes that 
maintain CRISPR-Cas immune systems.  
 
Methods 
Strain isolation and DNA extraction 
 Sulfolobus islandicus strains from hot springs M.12, M.14, and M.16 were 
previously isolated from the Mutnovsky Volcano region of Kamchatka, Russia from a 
sample collected in 2000 (Cadillo-Quiroz et al. 2012).  Additional S. islandicus strains 
from hot springs M.01, M.02, M.03, M.04, M.05, and M.06 were isolated from a sample 
collected in 2010 from Mutnovsky as in Cadillo-Quiroz et al. (Cadillo-Quiroz et al. 
2012).  Each isolate went through three additional rounds of colony purification, followed 
by DNA extractions (Whitaker et al. 2003).  A total of 120 strains were analyzed in this 
study. Strains are named with M for Mutnovsky, followed by the hot spring number, then 
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(for strains from 2010 only) a number 0-3 to represent the media it was isolated on, then 
the strain number, and finally the year in which it was isolated.  
 
Multi-locus sequence analysis (MLSA) 
 Seven MLSA loci (MobA, NiTra, IsoL, PAcyl, FePer, OCycl, and ADehy) and 
primer sequences were used previously in Held et al. (Held et al. 2010).  Sequencing 
from the S. islandicus isolates was previously completed and unique allele sequences 
were deposited in GenBank under the accession numbers HQ123504-HQ123512, 
HQ123518-HQ123527, HQ123532-HQ123534, and HQ123541-HQ123543 (Held et al. 
2010) and JQ339286-JQ339304 (Cadillo-Quiroz et al. 2012).  A total of 120 strains were 
used for MLSA: 70 from 2000 and 50 from 2010.  Nucleotide sequences were 
automatically aligned with Clustal (Thompson et al. 1994) and manually inspected with 
MacClade (Maddison and Maddison 2005).   
 
CRISPR PCR amplification and sequencing 
 The CRISPR arrays were amplified with primers previously designed by genomic 
comparison of the CRISPR region of strains previously sequenced from Mutnovsky 
(Held et al. 2010).  Primer sequences, PCR conditions, reactant concentrations, and 
sequencing conditions are detailed in Held et al.  The PCR products were end sequenced 
with both forward and reverse primers at the Core DNA Sequencing Laboratory (Roy J. 
Carver Biotechnology Center, University of Illinois at Urbana-Champaign).  Sequencing 
from the S. islandicus isolates was previously completed and deposited in GenBank 
under the accession numbers HQ198372-HQ198558 (Held et al. 2010) and new 
sequences are deposited under XXXXXX-XXXXXX. 
 
CRISPR spacer identification and comparison 
 Using Sequencher 4.9 (Gene Codes, Ann Arbor, MI, USA), the sequenced 
CRISPR PCR products were manually checked for errors and trimmed.  Individual 
spacers were obtained from the sequence by manually extracting the sequence found 
between repeat sequences as in Held et al.  (Held et al. 2010).  Spacers were grouped 
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according by spacer array end and BLASTN (Altschul et al. 1997) with E < 0.001 was 
used to find identical spacers.   
The trailer and leader ends of each CRISPR spacer array were grouped into alleles 
by the presence of shared spacers. Shared spacers were identical over the entire spacer 
length or up to 2 SNPs, in context of other shared spacers. A strain’s spacer array was 
assigned to a CRISPR allele if the majority of its spacers were shared with spacers from 
other isolates in that group. In the case where a strain had the same number of spacers 
matching multiple CRISPR alleles, it was grouped according to its most ancestral 
spacers. Each unique allele was given an allele number (see Table 6.1). BLASTN (E < 
0.001) was also used to find identical spacers that were not in the same array end or 
spacer context.  
 
Quantifying recombination 
 For each pair of CRISPR spacer arrays, for all alleles present in strains with both 
arrays, the number of alleles present at each array was counted and the number of 
possible pairs of alleles calculated by multiplying the number of alleles at each array. 
This was divided by the actual number of unique pairs of alleles seen at each pair of 
arrays. 
 Compatible matches were identified by comparing CRISPR spacer array trailer 
alleles for each pair of arrays for all strains containing trailer end spacers in both arrays. 
For each individual year, the number of times all four combinations of two trailer end 
alleles (i.e. AA, AB, BA, and BB) was seen was counted for each pair of CRISPR spacer 
arrays. For the strains from 2000 and 2010 combined, a compatible match was only 
counted if an isolate with one of the four allele combinations was present from each year. 
 The degree of association between alleles was measured with LIAN version 3.5 
(Haubold and Hudson 2000) using trailer end alleles.  I
S
A (standardized index of 
association) was determined for groups of strains and the significance was determined by 
comparison to the null hypothesis of free recombination. Clone correcting removed all 
but one strain for groups of strains with identical CRISPR array alleles and/or MLSA 
genotypes. 
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Rank abundance 
 Trailer end CRISPR spacer array alleles and MLSA genotypes were ranked by 
abundance for strains from 2000 and 2010. Figure 6.3 shows the rank abundance graphs, 
ordered by rank in 2000. The corresponding allele/genotype numbers for each rank can 
be found in Table 6.9. 
 
cas gene comparisons and phylogenies 
 Genomic regions containing cas genes were compared to GenBank’s nr database 
with BLASTX (E < 10
-5
) to determine the types of cas genes present. Sequences for cas1 
(aCas), cas6 (iCas), and cas10 (cmr genes) were compared to GenBank’s nr database 
with BLASTP (E < 10
-5
) to find related sequences. Amino acid sequences were 
automatically aligned in T coffee (Notredame et al. 2000) and manually inspected with 
MEGA (Tamura et al. 2007). For cas1 and cas6, RevTrans (Wernersson and Pedersen 
2003) was used to back translate DNA alignments from the amino acid alignments. All 
phylogenies were inferred under Maximum Parsimony with PAUP* 4.0b10 (Swofford 
2003). Heuristic searches were performed by 100 random addition sequence replicates. 
Non-parametric bootstrapping (Felsenstein 1981) was conducted with 1000 replicates of 
10 random addition sequence replicates. 
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Figures and Tables 
 
 
Figure 6.1. Examples of variation in CRISPR spacer alleles. (A) Schematic of the 
CRISPR region in S. islandicus strains from Mutnovsky. Rectangles represent CRISPR 
spacer arrays. Location and direction of primers for end-sequencing of the arrays is 
shown by the arrows above and below the arrays with arrows denoting the leader end in 
red and the trailer end in blue. (B) A pair of strains is shown for each CRISPR spacer 
array. Data for all strains are shown in Table 6.3. Identical spacers within each pair of 
strains are aligned vertically and given the same color and pattern. White boxes between 
the leader and trailer ends indicate missing data in the center of the array that are not 
accessible by end-sequencing. A line through a white box indicates a deletion of one or 
multiple spacers. Array ends are grouped into alleles by shared majority of spacers and 
assigned allele numbers. Letters are added to each allele number distinguishing ends with 
the same allele that differ by spacer additions and deletions. 
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Figure 6.2. 
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Figure 6.2. (continued) 
CRISPR spacer array alleles and MLSA. CRISPR trailer alleles and MLSA genotypes of 
seven core loci in 120 S. islandicus strains from Mutnovsky from two time points, 2000 
(left) and 2010 (right). Each different color within each array indicates a different allele 
(see Table 6.1 for the corresponding allele numbers and colors). Strains are in order of 
A2 allele number coded by the dominant allele. Assignments of spacers for each allele 
are shown in Table 6.3. White bars indicate that there is no sequence data for the array. * 
to the right of a strain name represents an example of four strains that make up a 
compatible match in the C and A1 CRISPR arrays, shown in detail in the inset diagram. 
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Figure 6.3.  Rank abundance for CRISPR and MLSA alleles. CRISPR trailer allele (as in 
Figure 6.2) abundance distribution for strains from 2000 (black bars) and 2010 (grey 
bars) for (A) the C spacer array, (B) the A1 spacer array (C) the A2 spacer array, and (D) 
the MLSA genotype. Alleles/genotypes are ranked by the number of isolates for each in 
2000. Table 6.9 shows the corresponding allele at each rank.  
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Figure 6.4.  CRISPR/Cas in twelve sequenced strains of S. islandicus from hot spring 
M.16 from Mutnovsky. The cas genes and spacer arrays are shown for the complete 
genomes of twelve isolates from the year 2000 (Cadillo-Quiroz et al. 2012). Rectangles 
represent each CRISPR spacer array and spacer array colors are the same as the CRISPR 
trailer colors in Figure 6.2 and Table 6.1. Genes are represented by arrows and grey genes 
are non-cas genes, red genes are transposons, and all others are cas genes. The eight blue 
cas genes to the far right are the external cas genes (iCas) and the five green cas genes 
between the A1 and A2 spacer arrays are the internal cas genes (aCas). cas genes are 
labeled following the nomenclature established in (Makarova et al. 2011). Genes in the 
M.16.4 internal cas region colored grey identify a virus insertion within the csx1 gene. 
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Figure 6.5.  
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Figure 6.5. (continued) 
 
cas gene phylogenies.  A maximum parsimony phylogeny of an amino acid based 
nucleotide alignment of (A) cas1 from the internal cas genes (aCas), (B) cas6 from the 
external cas genes (iCas), and (C) an amino acid alignment of cas10 from the cmr genes 
from strains of S. islandicus and closely related genes from other species. * represents 
bootstrap support from 1000 replicates of at least 70. In (C), $ represents cmr cassettes 
with cmr7 associated. 
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Table 6.1. CRISPR spacer array alleles and MLSA genotypes. 
1
Alleles are numbered in 
order of abundance for each array end, with the most abundant allele designated allele 1. 
2
Trailer allele colors as in Figure 6.2. 
3
Overall MLSA genotype of 7 core loci with alleles 
listed at right. 
 
Strain C leader C trailer2 A1 leader A1 trailer A2 leader A2 trailer MLSA3 mobA nitra isoL pacyl feper ocycl adehy
M.02.0.37.2010 2 1 3 2 1 1 1 1 1 1 1 1 1 1
M.12.37.2000 2 1 3 2 1 1 1 1 1 1 1 1 1 1
M.16.01.2000 2 1 3 2 1 1 16 1 1 2 6 1 1 1
M.05.2.03.2010 1 3 2 1 1 1 1 1 1 1 1 1 1
M.16.36.2000 2 1 2 1 1 1 1 1 1 1 1 1 1
M.16.17.2000 2 1 2 1 1 3 1 1 1 5 1 1 1
M.16.39.2000 2 1 2 1 1
M.16.p37.2000 1 2 1 1
M.16.13.2000 1 2 3 2 1 1 1 1 1 1 1 1 1 1
M.16.10.2000 1 2 2 1 1 1 1 1 1 1 1 1 1
M.16.15.2000 1 2 2 1 1 1 1 1 1 1 1 1 1
M.16.41.2000 1 2 2 1 1 1 1 1 1 1 1 1 1
M.05.0.30.2010 25 4 27 2 1 42 4 2 4 8 1 2 7
M.02.0.30.2010 29 8 26 2 1 13 1 1 2 1 1 1 1
M.16.14.2000 28 2 20 1 13 1 1 2 1 1 1 1
M.16.25.2000 1 2 13 3 1 1 1 1 1 1 1 1 1 1
M.16.38.2000 21 3 31 3 7 1 32 1 1 2 1 1 2 2
M.01.2.04.2010 27 6 9 3 1 43 1 2 2 1 4 5 6
M.14.44.2000 2 1 17 6 23 1
M.03.0.02.2010 17 6 19 1 4 1 1 1 10 1 1 4
M.16.43.2000 18 7 7 1 31 1 1 2 4 1 1 2
M.16.45.2000 18 7 7 1 31 1 1 2 4 1 1 2
M.01.0.02.2010 11 4 5 8 24 1 13 1 1 2 1 1 1 1
M.16.09.2000 7 4 21 11 10 1 13 1 1 2 1 1 1 1
M.16.47.2000 7 4 21 11 10 1 13 1 1 2 1 1 1 1
M.16.37.2000 2 1 22 14 1 1 1 1 1 1 1 1 1 1
M.12.20.2000 12 7 39 18 1
M.16.18.2000 1 2 1 1 1 1 1 1 1 1 1 1
M.16.05.2000 2 1 1 1 1 1 1 1 1 1 1
M.16.42.2000 1 1 1 1 1 1 1 1 1 1
M.06.1.02.2010 21 1 13 1 1 2 1 1 1 1
M.02.1.13.2010 22 1 13 1 1 2 1 1 1 1
M.03.1.03.2010 1 27 1 1 1 1 4 1 2
M.16.19.2000 3 3 2 1 2 2 1 1 1 1 1 1 1 1
M.16.21.2000 3 3 2 1 2 2 1 1 1 1 1 1 1 1
M.16.26.2000 3 3 2 1 2 2 1 1 1 1 1 1 1 1
M.16.27.2000 3 3 2 1 2 2 1 1 1 1 1 1 1 1
M.16.33.2000 3 3 2 1 2 2 1 1 1 1 1 1 1 1
M.16.44.2000 3 3 2 1 2 2 1 1 1 1 1 1 1 1
M.16.46.2000 3 3 2 1 2 2 1 1 1 1 1 1 1 1
M.12.27.2000 10 4 24 1 11 2 13 1 1 2 1 1 1 1
M.04.1.01.2010 25 1 2 23 2 4 2 1 1 3 5
M.04.0.29.2010 19 7 4 2 28 3 4 1 1 1 1 2
M.02.0.33.2010 10 4 11 2 13 1 1 2 1 1 1 1
M.04.2.04.2010 2 20 1 2 3 1 1 3 5
M.12.p26.2000 6 2 1 5 3 3
M.12.p37.2000 6 2 1 5 3 3
M.02.2.19.2010 18 2 1 5 3 3 2 1 1 1 4 1 1 1
M.01.3.02.2010 24 3 1 5 3 3 2 1 1 1 4 1 1 1
M.12.p39.2000 8 4 1 5 3 3
M.04.2.03.2010 19 7 25 3 28 3 4 1 1 1 1 2
M.14.39.2000 9 4 10 6 12 4 19 1 4 2 1 1 1 1
M.14.p01.2000 9 4 10 6 12 4 19 1 4 2 1 1 1 1
M.14.46.2000 10 6 4 19 1 4 2 1 1 1 1
M.01.1.02.2010 34 7 26 4 1 1 1 1 1 1 1 1
M.01.1.01.2010 1 27 4 30 1 1 2 1 1 1 2
M.14.p05.2000 1 2 8 1 8 5 34 1 4 2 1 4 1 2
M.14.p06.2000 1 2 8 1 8 5 34 1 4 2 1 4 1 2
M.14.p03.2000 1 2 8 1 8 5
M.03.0.42.2010 12 5 10 1 1 2 1 3 4 1
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Table 6.1. (continued) 
 
  
Strain C leader C trailer2 A1 leader A1 trailer A2 leader A2 trailer MLSA3 mobA nitra isoL pacyl feper ocycl adehy
M.06.0.08.2010 40 19 5 12 1 1 2 1 5 1 1
M.12.04.2000 36 13 28 6 24 2 4 2 10 1 1 1
M.12.26.2000 26 6 41 29 6 24 2 4 2 10 1 1 1
M.04.3.05.2010 13 6 6 1 1 1 1 1 4 1
M.14.38.2000 13 6 7 1 1 1 1 3 4 1
M.03.2.05.2010 6 24 2 4 2 10 1 1 1
M.04.1.04.2010 22 3 7 1 5 7 35 1 1 2 1 4 4 2
M.14.09.2000 11 9 5 7 37 2 2 3 2 2 2 2
M.16.03.2000 11 9 5 7 39 2 1 3 2 2 2 2
M.16.04.2000 11 9 5 7 39 2 1 3 2 2 2 2
M.14.16.2000 3 16 4 15 8 25 1 4 2 1 1 3 5
M.14.03.2000 3 16 4 15 8
M.16.02.2000 15 4 14 8 38 2 2 3 2 3 2 2
M.16.06.2000 15 4 14 8 38 2 2 3 2 3 2 2
M.03.1.05.2010 15 1 3 2 31 9 11 1 1 2 11 4 1 1
M.16.32.2000 12 3 32 9 13 1 1 2 1 1 1 1
M.05.0.01.2010 35 12 30 9 26 1 1 1 1 1 1 2
M.03.3.03.2010 9 17 1 1 2 4 1 3 3
M.16.12.2000 4 5 4 4 6 10 33 1 3 2 3 1 3 2
M.16.22.2000 4 5 4 4 6 10 33 1 3 2 3 1 3 2
M.16.34.2000 4 5 4 4 6 10 33 1 3 2 3 1 3 2
M.12.p42.2000 4 5 4 4 6 10
M.12.35.2000 17 2 6 1 16 11 1 1 1 1 1 1 1 1
M.03.0.16.2010 20 2 6 1 16 11 1 1 1 1 1 1 1 1
M.05.3.04.2010 6 1 33 11 1 1 1 1 1 1 1 1
M.12.08.2000 13 9 12 24 2 4 2 10 1 1 1
M.12.07.2000 23 16 9 12 7 1 1 1 1 3 4 1
M.12.13.2000 9 12 7 1 1 1 1 3 4 1
M.02.0.20.2010 5 1 7 1 4 13 30 1 1 2 1 1 1 2
M.03.0.27.2010 34 13 5 1 4 1 10 1 1 1
M.04.0.37.2010 35 13 18 1 1 2 1 1 3 5
M.05.1.05.2010 16 1 3 37 14 45 1 2 2 1 4 5 2
M.04.0.13.2010 30 3 4 14 43 1 2 2 1 4 5 6
M.06.1.01.2010 14 1 36 14 13 1 1 2 1 1 1 1
M.02.0.16.2010 5 1 7 1 4 15 30 1 1 2 1 1 1 2
M.14.34.2000 38 15 19 1 4 2 1 1 1 1
M.02.1.06.2010 3 14 4 16 26 1 1 1 1 1 1 2
M.02.2.07.2010 14 4 16 26 1 1 1 1 1 1 2
M.16.30.2000 13 1 13 3 40 17 13 1 1 2 1 1 1 1
M.16.40.2000 37 15 39 17 41 2 2 4 7 2 2 2
M.06.0.06.2010 5 8 17 18 13 1 1 2 1 1 1 1
M.05.0.13.2010 42 17 18
M.05.0.25.2010 23 41 19 15 1 1 2 12 1 1 1
M.16.23.2000 3 3 22 14 42 20 14 1 1 2 1 1 1 3
M.03.2.01.2010 28 8 33 6 43 21 9 1 1 2 1 3 2 1
M.02.3.11.2010 43 22 40 2 6 1 2 3 2 2
M.14.17.2000 5 20 10 18 23 22 1 5 2 1 1 1 1
M.14.25.2000 31 10 20 10 18 24 22 1 5 2 1 1 1 1
M.12.38.2000 12 7 1 5 3 25
M.01.2.01.2010 23 3 9 3 8 1 1 1 1 4 4 1
M.16.28.2000 30 9 32 3 14 1 1 2 1 1 1 3
M.01.1.03.2010 9 3 43 1 2 2 1 4 5 6
M.12.46.2000 12 3 13 1 1 2 1 1 1 1
M.03.0.50.2010 29 3 21 1 3 2 1 1 1 1
M.06.2.04.2010 3 13 1 1 2 1 1 1 1
M.12.44.2000 19 2 1 5
M.12.p41.2000 8 4 1 5
M.01.0.01.2010 11 4 5 8 13 1 1 2 1 1 1 1
M.06.0.10.2010 5 8 13 1 1 2 1 1 1 1
M.05.0.43.2010 38 17 36 1 6 2 9 4 6 2
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Table 6.2. Number of strains sequenced/number of alleles for leader and trailer end of 
three CRISPR arrays and seven core genes (MLSA). 
 
Hot 
Spring Strains 
C 
leader 
C 
trailer 
A1 
leader 
A1 
trailer 
A2 
leader 
A2 
trailer MLSA 
M.12 17 12/9 12/6 15/10 15/8 13/8 14/8 9/4 
M.14 14 7/4 10/6 12/6 12/5 13/8 14/9 11/6 
M.16 39 27/8 29/6 29/14 36/9 38/12 38/8 37/11 
M.01 8 5/4 6/4 7/4 7/4 4/4 5/3 8/6 
M.02 10 6/5 7/5 8/6 7/4 6/5 10/7 10/6 
M.03 10 3/3 3/3 5/5 6/5 5/5 9/7 10/10 
M.04 8 1/1 1/1 5/4 5/3 6/5 8/6 8/7 
M.05 8 2/2 3/2 7/7 6/5 6/6 7/6 7/6 
M.06 6 1/1 1/1 3/2 4/3 3/3 4/3 6/2 
total 120 64/31 72/10 91/43 98/19 94/43 109/25 106/43 
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Table 6.3. Summary of the CRISPR spacers in Mutnovsky strains from 2000 and 2010. 
1
The leader-proximal (newest) spacer is on the left. Each cell represents a spacer, 
identical spacers in the same spacer context are aligned vertically and given the same 
color/pattern and number. 
2
White cells without numbers in the middle of the arrays 
represent missing data and a line through a white cell indicates a gap (missing spacer). 
A 
 
 
 
Leader
allele Leader end1 Trailer end
Trailer 
allele
M.01.0.01.2010 11 21 20 21 22 21 19 20 20 18 14 12 9 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.01.0.01.2010
M.01.0.02.2010 11 24 21 20 21 22 21 19 20 20 18 14 12 2 2 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.01.0.02.2010
M.01.1.01.2010 2 2 2 ---- ---- 2 2 2 1 1 M.01.1.01.2010
M.01.2.01.2010 23 13 15 13 12 13 14 13 11 12 12 10 8 9 4 4 4 3 3 3 3 3 3 3 3 ---- 3 2 3 M.01.2.01.2010
M.01.2.04.2010 27 23 27 24 23 25 26 25 23 24 24 8 8 8 ---- ---- ---- 7 ---- 6 ---- 5 5 5 2 6 M.01.2.04.2010
M.01.3.02.2010 24 14 16 14 13 14 15 14 12 13 13 11 9 5 4 4 4 3 3 3 M.01.3.02.2010
M.02.0.16.2010 5 5 6 6 6 6 6 6 6 7 6 5 3 3 3 3 2 2 ---- 2 2 ---- ---- 2 2 2 1 1 M.02.0.16.2010
M.02.0.20.2010 5 5 6 6 6 6 6 6 6 7 6 5 3 3 3 3 2 2 ---- 2 2 ---- ---- 2 2 2 1 1 M.02.0.20.2010
M.02.0.30.2010 29 25 29 26 25 27 28 27 25 26 26 23 18 8 8 7 7 7 7 7 7 7 6 6 6 3 8 M.02.0.30.2010
M.02.0.33.2010 10 23 20 19 20 21 20 18 19 19 17 13 12 9 2 2 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.02.0.33.2010
M.02.0.37.2010 2 7 7 7 5 6 5 4 4 4 4 4 4 2 2 2 2 2 2 2 2 ---- ---- 2 2 2 1 1 M.02.0.37.2010
M.02.1.06.2010 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.02.1.06.2010
M.02.2.19.2010 18 3 3 3 3 3 3 3 3 3 2 1 1 1 1 1 1 1 1 2 M.02.2.19.2010
M.03.0.16.2010 20 3 4 4 4 4 4 4 4 5 4 3 3 1 ---- 1 1 1 1 1 1 1 1 1 1 1 2 M.03.0.16.2010
M.03.1.05.2010 15 8 9 9 9 10 11 10 8 9 8 3 3 2 2 ---- 2 2 ---- ---- 2 2 2 1 1 M.03.1.05.2010
M.03.2.01.2010 28 24 28 25 24 26 27 26 24 25 25 22 17 5 4 4 7 8 9 8 8 7 ---- 7 ---- 7 7 7 8 M.03.2.01.2010
M.04.1.04.2010 22 15 17 15 14 15 16 15 13 14 14 12 10 3 ---- ---- 3 3 4 4 4 4 ---- ---- ---- ---- ---- 3 3 3 3 ---- 3 2 3 M.04.1.04.2010
M.05.0.30.2010 25 19 21 19 18 19 20 19 17 18 18 16 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 3 3 3 2 4 M.05.0.30.2010
M.05.1.05.2010 16 9 10 10 10 11 12 11 9 10 9 7 2 2 ---- ---- 2 2 2 1 1 M.05.1.05.2010
M.05.2.03.2010 2 2 1 1 M.05.2.03.2010
M.06.1.01.2010 14 7 8 8 8 9 10 3 2 2 ---- 2 ---- ---- ---- 2 2 2 1 1 M.06.1.01.2010
M.12.20.2000 12 21 25 22 21 23 24 23 21 22 22 20 15 13 10 6 6 6 5 5 5 5 5 5 5 4 4 4 2 7 M.12.20.2000
M.12.26.2000 26 22 26 23 22 24 25 24 22 23 23 21 16 14 11 8 7 6 7 7 7 7 6 6 6 6 6 6 6 5 5 5 2 6 M.12.26.2000
M.12.27.2000 10 20 22 20 19 20 21 20 18 19 19 17 13 12 9 1 2 2 2 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.12.27.2000
M.12.35.2000 17 4 4 3 3 3 3 3 3 3 2 2 2 1 1 1 1 1 1 ---- 1 1 1 1 1 1 1 1 1 1 2 M.12.35.2000
M.12.37.2000 2 8 8 5 6 5 4 4 4 4 4 4 4 3 2 2 2 2 2 2 2 2 2 2 ---- ---- 2 2 2 1 1 M.12.37.2000
M.12.38.2000 12 21 25 22 21 23 24 23 21 22 22 20 15 13 10 6 6 6 5 5 5 5 5 5 5 4 4 4 2 7 M.12.38.2000
M.12.44.2000 19 1 1 1 1 1 1 1 1 2 2 1 1 1 1 1 2 2 1 1 1 1 1 ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.12.44.2000
M.12.p26.2000 6 2 2 2 2 2 2 2 3 3 3 2 2 2 2 2 1 1 1 1 1 ---- 1 1 1 1 1 1 1 1 1 1 2 M.12.p26.2000
M.12.p37.2000 6 2 2 2 2 2 2 2 3 3 3 2 2 2 2 2 1 1 1 1 1 ---- 1 1 1 1 1 1 1 1 1 1 2 M.12.p37.2000
M.12.p39.2000 8 17 19 17 16 17 18 17 15 16 16 14 11 10 8 1 1 1 1 1 2 2 ---- ---- 2 3 ~3 3 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.12.p39.2000
M.12.p41.2000 8 17 19 17 16 17 18 17 15 16 16 14 11 10 8 1 1 1 1 1 2 2 ---- ---- 2 3 ~3 3 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.12.p41.2000
M.12.p42.2000 4 26 30 27 26 28 29 28 26 27 27 24 19 15 12 9 8 9 10 9 9 8 8 8 8 8 8 8 7 7 7 4 5 M.12.p42.2000
M.14.03.2000 1 1 2 2 2 3 2 2 3 4 4 4 4 3 3 3 M.14.03.2000
M.14.16.2000 1 2 2 2 3 2 2 3 4 4 4 4 3 3 3 M.14.16.2000
M.14.17.2000 9 10 11 10 10 9 8 8 8 8 8 8 7 7 5 M.14.17.2000
M.14.25.2000 31 27 31 28 27 29 30 29 27 28 28 25 20 16 13 10 9 9 9 9 9 9 8 8 8 5 10 M.14.25.2000
M.14.39.2000 9 18 20 18 17 18 19 18 16 17 17 2 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.14.39.2000
M.14.44.2000 2 6 7 7 5 5 5 5 5 6 ---- 4 2 2 ---- ---- 2 2 2 1 1 M.14.44.2000
M.14.p01.2000 9 18 20 18 17 18 19 18 16 17 17 15 12 11 2 2 2 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 3 3 3 2 4 M.14.p01.2000
M.14.p03.2000 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.14.p03.2000
M.14.p05.2000 1 2 2 2 1 1 1 1 1 1 1 1 1 2 1 1 ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.14.p05.2000
M.14.p06.2000 1 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.14.p06.2000
M.16.01.2000 2 5 6 5 4 4 4 4 4 4 4 3 3 3 2 2 ---- 2 2 2 2 2 2 2 2 ---- ---- ---- 2 2 1 1 M.16.01.2000
M.16.05.2000 1 1 1 1 1 1 2 M.16.05.2000
M.16.09.2000 7 16 18 16 15 16 17 16 14 15 15 13 2 2 2 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 3 2 4 M.16.09.2000
M.16.10.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.16.10.2000
M.16.12.2000 4 26 30 27 26 28 29 28 26 27 27 24 19 15 9 9 8 8 8 8 8 8 8 7 7 7 4 5 M.16.12.2000
M.16.13.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.16.13.2000
M.16.15.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.16.15.2000
M.16.17.2000 2 4 5 5 5 5 5 5 5 6 5 4 4 4 2 2 2 2 2 2 2 2 2 2 2 2 1 1 M.16.17.2000
M.16.18.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.16.18.2000
M.16.19.2000 3 11 12 11 11 12 13 12 10 11 10 8 6 6 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.19.2000
M.16.21.2000 3 12 11 12 13 12 10 11 10 8 6 6 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.21.2000
M.16.22.2000 4 26 30 27 26 28 29 28 26 27 27 24 19 15 9 9 8 8 8 8 8 8 8 7 7 7 4 5 M.16.22.2000
M.16.23.2000 3 7 6 ---- 5 5 4 4 4 3 1 1 1 1 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.23.2000
M.16.25.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.16.25.2000
M.16.26.2000 3 10 11 11 11 12 13 12 10 11 10 8 6 6 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.26.2000
M.16.27.2000 3 10 11 11 11 12 13 12 10 11 10 8 6 6 6 6 5 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.27.2000
M.16.28.2000 30 22 23 22 20 21 21 19 15 13 10 7 6 7 5 6 5 5 5 4 4 4 4 4 4 4 3 ---- ---- 2 9 M.16.28.2000
M.16.30.2000 13 7 8 9 9 7 8 7 6 5 5 5 5 4 2 2 2 2 2 2 2 2 ---- 2 ---- ---- 2 2 2 1 1 M.16.30.2000
M.16.33.2000 3 11 12 11 11 12 13 12 10 11 10 8 6 6 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.33.2000
M.16.34.2000 4 26 30 27 26 28 29 28 26 27 27 24 19 15 9 9 8 8 8 8 8 8 8 7 7 7 4 5 M.16.34.2000
M.16.36.2000 2 4 5 5 5 5 5 5 5 6 5 4 4 4 2 2 2 2 2 2 2 2 2 2 2 2 1 1 M.16.36.2000
M.16.37.2000 2 6 7 7 5 5 5 5 5 6 5 4 4 4 4 2 2 2 2 2 2 2 2 ---- ---- 2 2 2 1 1 M.16.37.2000
M.16.38.2000 21 11 9 7 8 7 6 5 6 5 5 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.38.2000
M.16.39.2000 2 4 5 5 5 5 5 5 5 6 5 4 4 4 2 2 2 2 2 2 2 2 2 2 2 2 1 1 M.16.39.2000
M.16.41.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- ---- ---- ---- ---- ---- 1 ---- 1 1 ---- 1 1 1 1 1 1 1 2 M.16.41.2000
M.16.44.2000 3 14 12 11 12 13 12 10 11 10 8 6 6 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.44.2000
M.16.46.2000 3 12 13 12 11 12 13 12 10 11 10 8 6 6 1 1 1 1 1 2 2 2 3 ---- 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 2 3 M.16.46.2000
M.16.47.2000 7 16 18 16 15 16 17 16 14 15 15 13 2 2 2 1 2 3 3 3 4 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 3 3 2 4 M.16.47.2000
M.16.p37.2000 2 2 2 2 2 2 2 2 ---- ---- 2 2 2 1 1 M.16.p37.2000
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Table 6.3. (continued) 
B 
 
Leader
allele Leader end Trailer end
Trailer 
allele
M.01.0.01.2010 5 12 12 13 15 14 13 14 13 13 12 11 3 3 4 3 3 3 3 2 2 1 8 M.01.0.01.2010
M.01.0.02.2010 5 12 13 15 14 13 14 13 13 12 11 10 8 4 3 3 4 3 3 3 3 2 2 1 8 M.01.0.02.2010
M.01.1.02.2010 35 32 32 37 37 34 33 34 33 32 31 11 13 12 13 14 13 13 12 12 11 9 6 7 M.01.1.02.2010
M.01.1.03.2010 9 5 5 6 8 7 6 7 6 6 5 5 5 5 3 3 3 2 2 2 2 2 2 ---- 2 2 1 3 M.01.1.03.2010
M.01.2.01.2010 9 5 5 6 8 7 6 7 6 6 5 5 3 2 2 2 2 2 2 ---- 2 2 1 3 M.01.2.01.2010
M.01.2.04.2010 9 5 5 6 8 7 6 7 6 6 5 5 5 3 3 3 2 2 2 2 2 2 ---- 2 2 1 3 M.01.2.04.2010
M.01.3.02.2010 1 26 29 31 27 26 27 26 26 25 24 22 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.01.3.02.2010
M.02.0.16.2010 7 3 4 3 3 3 3 3 3 3 3 3 3 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M.02.0.16.2010
M.02.0.20.2010 7 3 4 3 3 3 3 3 3 3 3 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M.02.0.20.2010
M.02.0.30.2010 26 18 17 20 23 19 18 19 18 18 6 5 3 2 2 M.02.0.30.2010
M.02.0.37.2010 3 16 15 16 15 15 14 13 12 10 7 6 6 5 5 6 5 5 5 5 4 3 2 2 M.02.0.37.2010
M.02.1.06.2010 14 22 21 24 27 23 22 23 22 22 21 20 3 5 6 7 7 9 8 8 9 8 8 ---- ---- ---- ---- 3 4 M.02.1.06.2010
M.02.2.07.2010 14 22 21 24 27 23 22 23 22 22 21 9 9 8 8 7 5 3 4 M.02.2.07.2010
M.02.2.19.2010 1 30 31 27 26 27 26 26 25 24 22 13 8 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.02.2.19.2010
M.02.3.11.2010 44 41 41 46 46 43 43 43 42 40 39 33 29 M.02.3.11.2010
M.03.0.02.2010 17 28 33 33 30 29 30 29 28 27 26 24 5 8 10 11 10 12 11 12 13 ---- ---- 11 11 ---- 8 5 6 M.03.0.02.2010
M.03.0.16.2010 6 2 2 2 2 2 2 2 2 2 2 2 1 1 ---- 1 1 1 1 1 1 M.03.0.16.2010
M.03.0.42.2010 16 15 16 17 16 16 15 15 13 9 12 M.03.0.42.2010
M.03.0.50.2010 30 8 8 9 11 10 9 10 9 9 8 8 7 7 2 2 2 2 2 2 2 ---- 2 2 2 1 3 M.03.0.50.2010
M.03.1.05.2010 3 15 14 13 10 7 6 4 4 ---- 3 2 3 5 5 6 5 5 5 5 4 3 2 2 M.03.1.05.2010
M.03.2.01.2010 34 29 29 34 34 31 30 31 30 29 28 12 11 12 13 12 12 11 11 10 8 5 6 M.03.2.01.2010
M.04.0.13.2010 31 6 6 7 9 8 7 8 7 7 6 6 3 3 3 2 2 2 2 2 2 ---- 2 2 1 3 M.04.0.13.2010
M.04.0.29.2010 19 31 31 36 36 33 32 33 32 31 30 12 12 13 12 13 14 13 13 12 12 11 9 6 7 M.04.0.29.2010
M.04.1.01.2010 25 5 5 5 4 4 4 4 4 3 2 2 2 1 1 1 1 1 ---- 1 1 ---- 1 1 1 1 1 1 M.04.1.01.2010
M.04.1.04.2010 7 5 4 3 3 3 3 3 3 3 3 3 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M.04.1.04.2010
M.04.2.03.2010 19 31 31 36 36 33 32 33 32 31 30 13 12 13 14 13 13 12 12 11 9 6 7 M.04.2.03.2010
M.05.0.01.2010 36 35 35 40 40 37 37 38 37 6 9 11 14 15 16 15 16 17 12 M.05.0.01.2010
M.05.0.13.2010 43 40 40 45 45 42 42 M.05.0.13.2010
M.05.0.25.2010 23 35 36 35 34 32 28 26 15 9 8 M.05.0.25.2010
M.05.0.30.2010 27 15 15 18 21 17 16 17 16 16 16 15 14 6 5 5 6 5 5 5 5 4 3 2 2 M.05.0.30.2010
M.05.0.43.2010 39 34 34 39 39 36 36 37 36 35 33 13 14 15 14 15 16 15 15 14 14 12 9 6 17 M.05.0.43.2010
M.05.1.05.2010 3 2 2 2 ---- 2 2 1 3 M.05.1.05.2010
M.05.2.03.2010 3 14 14 17 20 16 15 16 15 15 14 13 5 6 5 5 5 5 4 3 2 2 M.05.2.03.2010
M.05.3.04.2010 6 3 2 2 2 2 2 2 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.05.3.04.2010
M.06.0.06.2010 5 16 14 13 14 13 13 12 4 3 3 3 3 2 2 1 8 M.06.0.06.2010
M.06.0.08.2010 41 19 18 21 24 20 19 20 19 19 18 17 16 7 6 6 7 6 6 6 5 4 3 2 19 M.06.0.08.2010
M.06.0.10.2010 5 16 14 13 14 13 13 12 11 10 8 4 3 3 4 3 3 3 3 2 2 1 8 M.06.0.10.2010
M.06.2.04.2010 2 2 2 2 2 2 2 2 2 3 M.06.2.04.2010
M.12.04.2000 37 38 38 43 43 40 40 41 40 38 37 19 19 20 19 ---- 19 18 18 16 12 9 13 M.12.04.2000
M.12.07.2000 23 33 33 38 38 35 34 35 34 33 32 28 26 13 14 13 14 15 14 14 13 13 11 9 6 16 M.12.07.2000
M.12.08.2000 19 ---- ---- ---- 19 19 18 18 16 12 9 13 M.12.08.2000
M.12.20.2000 40 13 13 14 17 15 14 15 14 14 13 12 11 9 6 5 3 3 4 4 5 4 4 5 4 4 4 4 3 2 1 18 M.12.20.2000
M.12.26.2000 42 42 42 47 47 44 44 44 43 41 40 34 M.12.26.2000
M.12.27.2000 24 4 4 5 7 6 5 6 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.12.27.2000
M.12.35.2000 6 2 2 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.12.35.2000
M.12.37.2000 3 16 19 16 15 16 15 15 ---- ---- ---- ---- ---- ---- ---- ---- 4 3 2 2 6 ---- ---- ---- ---- ---- ---- 5 4 3 2 2 M.12.37.2000
M.12.38.2000 1 28 27 28 27 26 25 24 22 13 8 7 5 5 5 7 9 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.12.38.2000
M.12.44.2000 1 28 27 28 27 26 25 24 22 13 8 7 5 5 5 7 9 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.12.44.2000
M.12.46.2000 12 8 9 8 8 7 7 6 6 5 4 3 3 3 2 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 1 3 M.12.46.2000
M.12.p26.2000 1 31 31 27 26 27 26 26 25 24 22 13 8 7 5 7 9 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.12.p26.2000
M.12.p37.2000 1 31 31 27 26 27 26 26 25 24 22 13 8 7 5 7 9 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.12.p37.2000
M.12.p39.2000 1 26 25 28 31 27 26 27 26 26 25 24 22 ---- ---- 7 5 7 9 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.12.p39.2000
M.12.p41.2000 1 26 25 28 31 27 26 27 26 26 25 24 22 ---- ---- 7 5 7 9 10 9 11 10 11 12 11 11 10 10 9 7 4 5 M.12.p41.2000
M.12.p42.2000 4 21 20 23 26 22 21 22 21 21 20 19 18 12 1 2 2 3 4 6 7 8 ---- 9 8 ---- ---- 8 ---- 8 8 7 5 3 4 M.12.p42.2000
M.14.03.2000 16 23 22 25 28 24 23 24 23 23 22 21 19 9 10 9 9 8 8 ---- 5 3 4 M.14.03.2000
M.14.09.2000 11 36 41 41 38 38 39 38 36 35 30 17 16 17 18 17 17 16 16 14 10 7 9 M.14.09.2000
M.14.16.2000 16 23 22 25 28 24 23 24 23 23 22 21 19 9 10 9 9 8 8 ---- 5 3 4 M.14.16.2000
M.14.17.2000 20 37 37 42 42 39 39 40 39 37 36 31 15 16 18 17 18 19 18 18 17 17 15 11 8 10 M.14.17.2000
M.14.25.2000 20 37 37 42 42 39 39 40 39 37 36 31 15 16 18 17 18 19 18 18 17 17 15 11 8 10 M.14.25.2000
M.14.39.2000 10 27 27 32 32 29 28 29 28 27 26 25 23 8 10 11 10 12 11 12 13 ---- ---- 11 11 ---- 8 5 6 M.14.39.2000
M.14.44.2000 17 28 28 33 33 30 29 30 29 28 27 26 8 10 11 10 12 11 12 13 ---- ---- 11 11 ---- 8 5 6 M.14.44.2000
M.14.46.2000 10 27 27 32 32 29 28 29 28 27 26 25 23 14 8 10 11 10 12 11 12 13 ---- ---- 11 11 ---- 8 5 6 M.14.46.2000
M.14.p01.2000 10 27 27 32 32 29 28 29 28 27 26 25 23 8 10 11 10 12 11 12 13 ---- ---- 11 11 ---- 8 5 6 M.14.p01.2000
M.14.p03.2000 8 3 3 4 6 5 4 4 4 4 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.14.p03.2000
M.14.p05.2000 8 3 3 4 6 5 4 4 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.14.p05.2000
M.14.p06.2000 8 3 3 4 6 5 4 4 4 4 4 4 1 1 1 1 1 ---- 1 1 1 1 1 1 M.14.p06.2000
M.16.01.2000 3 15 18 16 15 16 15 15 14 13 12 10 7 4 5 5 6 5 5 6 5 5 5 5 4 3 2 2 M.16.01.2000
M.16.02.2000 15 24 23 26 29 25 24 25 24 24 23 22 20 6 7 7 9 8 8 9 8 8 8 8 7 5 3 4 M.16.02.2000
M.16.03.2000 11 36 36 41 41 38 38 39 38 36 34 29 27 17 16 17 18 17 17 16 16 14 10 7 9 M.16.03.2000
M.16.04.2000 11 36 36 41 41 38 38 39 38 36 34 29 27 17 16 17 18 17 17 16 16 14 10 7 9 M.16.04.2000
M.16.06.2000 15 24 23 26 29 25 24 25 24 24 23 22 20 6 7 7 9 8 8 9 8 8 8 8 7 5 3 4 M.16.06.2000
M.16.09.2000 21 25 24 27 30 26 25 26 25 25 24 23 21 8 9 8 10 9 10 11 10 10 9 9 8 6 3 11 M.16.09.2000
M.16.10.2000 6 5 5 6 5 5 5 5 4 3 2 2 M.16.10.2000
M.16.12.2000 4 21 20 23 26 22 21 22 21 21 20 19 8 ---- 9 8 ---- ---- 8 ---- 8 8 7 5 3 4 M.16.12.2000
M.16.13.2000 3 15 16 15 15 14 13 12 10 7 ---- 4 4 ---- 3 6 5 5 6 5 5 5 5 4 3 2 2 M.16.13.2000
M.16.14.2000 28 16 16 19 22 18 17 18 17 17 17 16 15 4 5 5 6 5 5 6 5 5 5 5 4 3 2 2 M.16.14.2000
M.16.15.2000 6 5 5 6 5 5 5 5 4 3 2 2 M.16.15.2000
M.16.17.2000 5 4 3 2 2 M.16.17.2000
M.16.19.2000 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.16.19.2000
M.16.21.2000 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.16.21.2000
M.16.22.2000 4 21 20 23 26 22 21 22 21 21 20 19 8 ---- 9 8 ---- ---- 8 ---- 8 8 7 5 3 4 M.16.22.2000
M.16.23.2000 22 20 19 22 25 21 20 21 20 20 19 4 5 6 6 8 7 7 8 7 7 7 7 6 4 2 14 M.16.23.2000
M.16.25.2000 13 10 10 11 13 12 11 12 11 11 10 9 8 2 2 2 2 2 2 2 2 2 2 2 2 3 M.16.25.2000
M.16.26.2000 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.16.26.2000
M.16.27.2000 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.16.27.2000
M.16.28.2000 33 11 11 12 14 13 12 13 12 12 11 10 9 2 2 2 2 2 2 2 2 2 2 ---- 2 2 1 3 M.16.28.2000
M.16.30.2000 13 10 10 11 13 12 11 12 11 11 10 9 8 2 2 2 2 2 2 2 2 2 2 2 2 3 M.16.30.2000
M.16.32.2000 12 7 7 8 10 9 8 9 8 8 7 7 6 2 2 2 2 2 2 2 2 2 2 2 2 2 1 3 M.16.32.2000
M.16.33.2000 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.16.33.2000
M.16.34.2000 4 21 20 23 26 22 21 22 21 21 20 19 8 ---- 9 8 ---- ---- 8 ---- 8 8 7 5 3 4 M.16.34.2000
M.16.36.2000 5 5 6 5 5 6 5 ---- ---- 5 4 3 2 2 M.16.36.2000
M.16.37.2000 22 20 19 22 25 21 20 21 20 20 19 18 17 11 7 6 4 2 14 M.16.37.2000
M.16.38.2000 32 9 9 10 12 11 10 11 10 10 9 1 1 2 2 2 2 2 2 2 ---- 2 2 2 2 3 M.16.38.2000
M.16.39.2000 5 4 3 2 2 M.16.39.2000
M.16.40.2000 38 39 39 44 44 41 41 42 41 39 38 32 28 16 10 12 16 17 20 20 21 20 20 20 19 19 17 13 10 15 M.16.40.2000
M.16.41.2000 6 5 5 6 5 5 5 5 4 3 2 2 M.16.41.2000
M.16.43.2000 18 30 30 35 35 32 31 32 31 30 29 27 25 11 13 12 13 14 13 13 12 12 11 9 6 7 M.16.43.2000
M.16.44.2000 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.16.44.2000
M.16.45.2000 18 30 30 35 35 32 31 32 31 30 29 27 25 11 13 12 13 14 13 13 12 12 11 9 6 7 M.16.45.2000
M.16.46.2000 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- 1 1 1 1 1 1 M.16.46.2000
M.16.47.2000 21 25 24 27 30 26 25 26 25 25 24 23 21 8 9 8 10 9 10 11 10 10 9 9 8 6 3 11 M.16.47.2000
M.16.p37.2000 29 17 6 5 5 6 5 5 5 5 4 3 2 2 M.16.p37.2000
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Table 6.3. (continued) 
C 
 
Leader
allele Leader end Trailer end
Trailer 
allele
M.01.0.02.2010 24 11 1 1 1 1 1 M.01.0.02.2010
M.01.1.01.2010 27 25 22 22 24 21 19 19 5 5 ---- ---- 4 4 3 2 4 M.01.1.01.2010
M.01.1.02.2010 26 26 23 23 25 22 20 20 18 18 15 4 6 6 5 5 5 5 5 4 4 3 2 4 M.01.1.02.2010
M.01.2.04.2010 2 1 1 1 1 1 M.01.2.04.2010
M.01.3.02.2010 3 19 18 19 ~17 4 4 4 4 4 4 4 ---- ---- ---- 2 3 M.01.3.02.2010
M.02.0.16.2010 4 15 14 13 14 12 11 11 10 10 9 9 7 7 7 6 6 5 3 2 2 15 M.02.0.16.2010
M.02.0.20.2010 4 15 14 13 7 7 6 6 5 3 2 2 13 M.02.0.20.2010
M.02.0.30.2010 1 1 1 1 1 1 1 M.02.0.30.2010
M.02.0.33.2010 11 19 18 17 18 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.02.0.33.2010
M.02.0.37.2010 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.02.0.37.2010
M.02.1.06.2010 7 6 4 2 2 16 M.02.1.06.2010
M.02.1.13.2010 22 10 9 9 10 8 8 9 8 8 7 1 1 1 1 1 1 M.02.1.13.2010
M.02.2.07.2010 9 9 8 8 7 6 4 2 2 16 M.02.2.07.2010
M.02.2.19.2010 3 21 19 18 19 17 16 16 15 15 3 3 2 4 4 4 4 4 4 4 ---- ---- ---- 2 3 M.02.2.19.2010
M.02.3.11.2010 17 15 13 12 22 M.02.3.11.2010
M.03.0.02.2010 19 8 7 7 8 6 6 7 6 6 5 1 ---- ---- 1 1 1 1 1 1 1 1 M.03.0.02.2010
M.03.0.16.2010 16 30 27 27 28 25 23 23 21 21 18 15 11 8 8 7 7 6 5 2 2 11 M.03.0.16.2010
M.03.0.27.2010 34 27 24 24 26 23 21 21 19 19 16 13 9 8 8 6 6 6 6 6 5 ---- 2 2 13 M.03.0.27.2010
M.03.0.42.2010 10 9 7 5 3 3 5 M.03.0.42.2010
M.03.1.03.2010 1 ---- ---- 1 1 1 1 1 1 M.03.1.03.2010
M.03.1.05.2010 31 39 35 35 36 32 31 30 27 27 24 16 15 16 16 15 14 13 11 9 7 7 9 M.03.1.05.2010
M.03.2.01.2010 43 46 42 42 43 39 38 36 33 20 19 20 21 20 19 18 16 14 12 11 21 M.03.2.01.2010
M.03.2.05.2010 10 8 6 4 4 6 M.03.2.05.2010
M.03.3.03.2010 14 15 15 14 14 13 11 9 7 7 9 M.03.3.03.2010
M.04.0.13.2010 4 15 14 13 14 12 11 11 10 10 9 7 2 2 2 2 2 2 2 2 1 1 1 1 14 M.04.0.13.2010
M.04.0.29.2010 4 15 14 13 14 12 11 11 10 10 9 7 4 5 ---- ---- 3 2 2 2 M.04.0.29.2010
M.04.0.37.2010 35 28 25 25 8 8 6 6 6 6 6 5 ---- 2 2 13 M.04.0.37.2010
M.04.1.01.2010 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.04.1.01.2010
M.04.1.04.2010 5 34 30 30 31 27 26 26 23 23 12 11 12 13 12 12 11 9 7 5 5 7 M.04.1.04.2010
M.04.2.03.2010 25 23 20 20 21 18 17 17 16 16 5 4 4 4 5 ---- ---- 3 2 2 3 M.04.2.03.2010
M.04.2.04.2010 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 ---- 2 2 M.04.2.04.2010
M.04.3.05.2010 13 13 12 13 11 10 11 11 10 8 6 4 4 6 M.04.3.05.2010
M.05.0.01.2010 30 38 34 34 35 31 30 29 26 26 23 20 15 14 15 15 14 14 13 11 9 7 7 9 M.05.0.01.2010
M.05.0.13.2010 17 45 41 41 42 38 37 35 32 31 19 18 17 15 13 11 10 18 M.05.0.13.2010
M.05.0.25.2010 41 31 28 28 29 26 24 24 10 9 9 8 6 4 2 2 19 M.05.0.25.2010
M.05.0.30.2010 1 ---- ---- 1 1 ---- 1 1 1 M.05.0.30.2010
M.05.1.05.2010 37 16 15 14 15 13 12 12 11 11 10 8 4 2 2 2 2 2 2 1 1 1 1 14 M.05.1.05.2010
M.05.2.03.2010 1 3 2 2 2 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.05.2.03.2010
M.05.3.04.2010 33 29 26 26 27 24 22 22 20 20 17 14 10 9 10 8 8 8 7 7 6 5 2 2 11 M.05.3.04.2010
M.06.0.06.2010 17 42 38 37 35 20 19 18 17 15 13 11 10 18 M.06.0.06.2010
M.06.0.08.2010 9 7 5 3 3 5 M.06.0.08.2010
M.06.1.01.2010 36 12 10 10 11 9 2 2 2 2 1 1 1 1 14 M.06.1.01.2010
M.06.1.02.2010 21 9 8 8 9 7 7 8 7 7 6 5 1 1 1 1 ---- ---- 1 1 1 1 1 1 1 1 M.06.1.02.2010
M.12.04.2000 28 13 11 11 12 10 9 10 9 9 8 6 3 3 3 5 6 7 10 11 10 11 12 11 11 10 8 6 4 4 6 M.12.04.2000
M.12.07.2000 9 38 39 35 34 32 29 28 25 21 16 8 7 6 7 8 11 15 18 17 18 18 17 16 15 13 11 9 8 12 M.12.07.2000
M.12.08.2000 9 42 38 38 39 35 34 32 29 28 25 21 16 8 7 7 8 11 15 18 17 18 18 17 16 15 13 11 9 8 12 M.12.08.2000
M.12.13.2000 9 38 39 35 34 32 29 28 25 21 16 8 7 6 7 8 11 15 18 17 18 18 17 16 15 13 11 9 8 12 M.12.13.2000
M.12.20.2000 2 2 1 1 1 1 ---- ---- 1 1 1 1 1 1 1 1 M.12.20.2000
M.12.26.2000 29 33 6 4 4 6 M.12.26.2000
M.12.27.2000 11 18 17 18 16 15 15 14 14 13 11 7 5 4 3 1 1 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.12.27.2000
M.12.35.2000 16 18 15 11 7 6 5 3 2 2 1 1 1 1 1 5 6 9 10 8 8 8 7 7 6 5 2 2 11 M.12.35.2000
M.12.37.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.12.37.2000
M.12.38.2000 3 19 20 17 16 16 15 15 14 12 8 6 5 4 3 3 4 4 4 3 5 4 4 4 4 4 4 ---- ---- ---- 2 25 M.12.38.2000
M.12.p26.2000 3 20 19 18 19 17 16 16 15 15 14 12 8 6 5 4 2 2 3 3 3 2 4 4 4 4 4 4 4 ---- ---- ---- 2 3 M.12.p26.2000
M.12.p37.2000 3 20 19 18 19 17 16 16 15 15 14 12 8 6 5 4 2 2 3 3 3 2 4 4 4 4 4 4 4 ---- ---- ---- 2 3 M.12.p37.2000
M.12.p39.2000 3 22 19 18 19 17 16 16 15 15 14 12 8 6 5 2 2 3 3 3 2 4 4 4 4 4 4 4 ---- ---- ---- 2 3 M.12.p39.2000
M.12.p42.2000 6 41 37 37 38 34 33 6 7 10 14 17 16 17 17 16 15 14 12 10 8 8 10 M.12.p42.2000
M.14.03.2000 15 36 32 14 13 13 12 10 8 6 6 8 M.14.03.2000
M.14.09.2000 5 34 30 ---- 31 27 26 26 23 23 11 12 13 12 12 11 9 7 5 5 7 M.14.09.2000
M.14.16.2000 15 36 32 32 33 29 28 14 13 14 14 13 13 12 10 8 6 6 8 M.14.16.2000
M.14.17.2000 18 46 42 42 43 39 38 36 33 32 28 24 20 21 22 21 20 19 18 16 14 13 23 M.14.17.2000
M.14.25.2000 18 46 42 42 43 39 38 36 33 32 28 24 17 21 21 22 23 22 21 20 19 17 15 14 24 M.14.25.2000
M.14.34.2000 38 40 36 36 37 33 32 31 28 9 7 7 7 ---- ---- ---- 3 2 15 M.14.34.2000
M.14.38.2000 13 14 12 12 10 11 12 11 11 10 8 6 4 4 6 M.14.38.2000
M.14.39.2000 12 24 21 21 23 20 18 18 17 17 5 7 7 5 5 5 ---- ---- 4 4 3 2 4 M.14.39.2000
M.14.44.2000 23 5 4 4 5 3 3 3 3 3 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.14.44.2000
M.14.46.2000 4 6 6 5 5 5 ---- ---- 4 4 3 2 4 M.14.46.2000
M.14.p01.2000 12 24 21 21 22 19 6 6 5 5 5 ---- ---- 4 4 3 2 4 M.14.p01.2000
M.14.p03.2000 8 32 29 29 30 26 25 25 22 22 19 16 12 9 10 11 10 10 9 7 5 3 3 5 M.14.p03.2000
M.14.p05.2000 8 32 29 29 30 26 25 25 22 22 19 10 11 10 10 9 7 5 3 3 5 M.14.p05.2000
M.14.p06.2000 8 32 29 9 10 11 10 10 9 7 5 3 3 5 M.14.p06.2000
M.16.01.2000 1 3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.01.2000
M.16.02.2000 14 35 31 31 32 28 27 27 24 24 21 18 13 12 13 12 13 14 13 13 12 10 8 6 6 8 M.16.02.2000
M.16.03.2000 5 34 30 30 31 27 26 26 23 23 20 17 8 11 12 11 12 13 12 12 11 9 7 5 5 7 M.16.03.2000
M.16.04.2000 5 34 30 30 31 27 26 26 23 23 20 17 8 11 12 11 12 13 12 12 11 9 7 5 5 7 M.16.04.2000
M.16.05.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.05.2000
M.16.06.2000 14 35 31 31 32 28 27 27 24 24 21 18 13 12 13 12 13 14 13 13 12 10 8 6 6 8 M.16.06.2000
M.16.09.2000 10 7 6 6 7 5 5 6 5 5 4 4 1 1 1 1 ---- ---- 1 1 1 1 1 1 1 1 M.16.09.2000
M.16.10.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.10.2000
M.16.12.2000 6 41 37 37 38 34 33 14 17 16 17 17 16 15 14 12 10 8 8 10 M.16.12.2000
M.16.13.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.13.2000
M.16.14.2000 20 4 3 3 4 2 2 2 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M.16.14.2000
M.16.15.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.15.2000
M.16.17.2000 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.17.2000
M.16.18.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.18.2000
M.16.19.2000 2 18 17 16 17 15 14 14 13 13 12 10 6 4 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.16.19.2000
M.16.21.2000 2 18 17 16 17 15 14 14 13 13 12 10 6 4 1 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.16.21.2000
M.16.22.2000 6 41 37 37 38 34 33 17 16 15 14 12 10 8 8 10 M.16.22.2000
M.16.23.2000 42 17 16 15 16 14 13 13 12 12 11 9 5 3 3 3 3 3 3 3 3 2 1 1 1 20 M.16.23.2000
M.16.25.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.25.2000
M.16.26.2000 2 18 17 16 17 15 1 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.16.26.2000
M.16.27.2000 2 18 17 16 17 15 14 14 13 13 12 10 6 4 1 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.16.27.2000
M.16.30.2000 40 44 40 40 41 37 36 34 31 30 27 23 18 12 16 19 18 19 19 18 17 16 14 12 10 9 17 M.16.30.2000
M.16.32.2000 32 37 33 33 34 30 29 28 25 25 22 19 14 9 13 15 14 15 15 14 14 13 11 9 7 7 9 M.16.32.2000
M.16.33.2000 2 18 17 16 17 15 14 14 13 13 12 10 6 4 1 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.16.33.2000
M.16.34.2000 6 41 37 37 38 34 33 14 17 16 17 17 16 15 14 12 10 8 8 10 M.16.34.2000
M.16.36.2000 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.36.2000
M.16.37.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.37.2000
M.16.38.2000 7 5 4 4 3 3 2 2 2 2 2 1 1 1 ---- ---- 1 1 1 1 1 1 1 1 M.16.38.2000
M.16.39.2000 1 2 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.39.2000
M.16.40.2000 39 43 39 39 40 36 35 33 30 29 26 22 17 12 16 19 18 19 19 18 17 16 14 12 10 9 17 M.16.40.2000
M.16.41.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.41.2000
M.16.42.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.42.2000
M.16.43.2000 7 6 5 5 6 4 4 4 4 4 ---- ---- ---- 2 2 2 2 2 ---- 1 1 1 ---- ---- 1 1 1 1 1 1 1 1 M.16.43.2000
M.16.44.2000 2 18 17 16 17 15 14 14 13 13 12 10 6 4 1 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.16.44.2000
M.16.45.2000 7 6 5 5 6 4 4 4 4 4 ---- ---- ---- 2 2 2 2 2 ---- 1 1 1 ---- ---- 1 1 1 1 1 1 1 1 M.16.45.2000
M.16.46.2000 2 18 17 16 17 15 14 14 13 13 12 10 6 4 1 1 1 1 1 1 2 2 2 2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 3 2 2 2 M.16.46.2000
M.16.47.2000 10 7 6 6 7 5 5 6 5 5 4 4 2 2 1 1 1 1 ---- ---- 1 1 1 1 1 1 1 1 M.16.47.2000
M.16.p37.2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ---- ---- 1 1 1 1 1 1 M.16.p37.2000
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Table 6.4. Percent CRISPR arrays unique to each time point at leader and trailer ends. 
1
Ends are distinct by one or more spacers, alleles are grouped into sets when they share 
the majority of spacers. 
 
  
2000 2010 
  
Leader  Trailer  Leader  Trailer  
CRISPR array ends
1 C 59% 40% 94% 71% 
 
A1 63% 38% 83% 64% 
 
A2 55% 39% 90% 63% 
      CRISPR array alleles C 88% 44% 88% 17% 
 
A1 81% 53% 77% 37% 
 
A2 76% 44% 75% 41% 
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Table 6.5. Quantifying combinations of alleles at each pair of CRISPR spacer arrays. 
1
Percent of total possible arrays at each pair of loci. 
 
 
 
Percent possible combinations
1
 
year C-A1 C-A2 A1-A2 
2000 & 2010 27.30% 19.70% 9.60% 
2000 26.30% 22.00% 10.70% 
2010 33.30% 22.70% 13.00% 
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Table 6.6.  Number of compatible matches present in each pair of CRISPR spacer arrays. 
 
  2000 2010 both years 
C-A1 4 2 18 
C-A2 2 0 6 
A1-A2 0 0 1 
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Table 6.7. Linkage between CRISPR spacer trailer arrays shown by index of association. 
I
S
A is standardized index of association. 
1
Strains clone corrected and only unique strains 
used.  Cannot reject free recombination in clone corrected samples. 
2
Bold values 
significant at P < 10
-3
. 
Allele 
combinations ISA  # strains I
S
A  unique
1 
# strains 
unique 
# strains 
removed 
C-A1-A2 0.25582 61 0.0121 34 27 
C-A1 0.1831 66 -0.1025 29 37 
C-A2 0.1553 67 -0.0842 31 36 
A1-A2 0.3638 87 -0.0528 40 47 
MLSA 0.2185 110 0.1055 45 65 
MLSA-C-A1-A2 0.1525 50 0.0786 32 18 
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Table 6.8. cas genes present in twelve S. islandicus genomes from the Mutnovsky 
population. M.16 fully sequenced strains as in Cadillo-Quiroz, Didelot et al. 2012. 
 
 
 
  
Array/gene M.16.27 M.16.46 M.16.13 M.16.23 M.16.43 M.16.47 M.16.30 M.16.12 M.16.22 M.16.4 M.16.40 M.16.02
C array 1 1 1 1 1 1 1 1
A1 array 1 1 1 1 1 1 1 1 1 1 1 1
A2 array 1 1 1 1 1 1 1 1 1 1 1 1
cas1 2 2 2 2 1 2 2 2 2 1 1 1
cas2 2 2 2 2 1 2 2 2 2 1 1 1
cas3' 2 2 2 2 3 2 2 2 2 1 3 1
cas3'' 2 2 2 2 1 2 2 2 2 1 1 1
cas4 4 4 4 4 2 4 4 4 4 2 2 2
cas5 2 2 2 2 1 2 2 2 2 1 1 1
cas6 3 3 3 3 3 3 3 3 3 1 3 1
casX 1 1 1 1 1 1 1 1 1 1 1 1
cas7 2 2 2 2 3 2 2 2 2 1 3 1
csx1 3 3 3 3 2 3 3 3 3 3 2 3
csa5 1 2 1 1 1 1 1 1 1 1 1 1
cmr1 1 1 1 1 1 1 1 1 1
cas10 1 1 1 1 1 1 1 1 1
cmr3 1 1 1 1 1 1 1 1 1
cmr4 1 1 1 1 1 1 1 1 1
cmr5 1 1 1 1 1 1 1 1 1
cmr6 1 1 1 1 1 1 1 1 1
cmr7 1 1 1
csm1 1
csm3 1
csm4 1
csm5 1
csm6 1 1 1 1 1 1 1 1 1 1
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Table 6.9. Rank abundance of each CRISPR trailer allele or MLSA genotype numbers. 
 
Rank
C    
allele
A1    
allele
A2    
allele
MLSA 
genotype
1 2 1 1 1
2 3 2 2 13
3 1 4 8 19
4 4 3 10 7
5 5 5 3 24
6 7 6 4 33
7 6 9 5 14
8 9 7 6 22
9 10 10 7 31
10 8 11 12 34
11 13 17 38
12 14 9 39
13 15 11 3
14 16 15 16
15 18 20 25
16 8 23 32
17 12 24 37
18 17 25 41
19 19 13 2
20 14 4
21 16 5
22 18 6
23 19 8
24 21 9
25 22 10
26 11
27 12
28 15
29 17
30 18
31 20
32 21
33 23
34 26
35 27
36 28
37 29
38 30
39 35
40 36
41 40
42 42
43 43
44 44
45 45
Rank abundance graph
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